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Abstract 
The aim of this research is to model the deformation and fracture behaviour of wafers used 
in chocolate confectionery products. Compression and bending tests showed that the 
mechanical behaviour of the wafer was characteristic of a brittle foam.  
The wafer sheet was examined with a Scanning Electron Microscope (SEM) to determine the 
wafer dimensions and to observe the internal microstructure. These images showed that the 
core of the wafer sheet was more porous than the dense skins of the wafer. An analytical 
model was developed to calculate the modulus of the wafer core and skin sections. 
A finite element (FE) model using a simple repetitive geometry of the wafer was 
implemented. The ‘crushable foam’ material model was the closest fit to the wafer 
deformation under compression and was applied to the core of the wafer. An alternative FE 
model was proposed, which used the actual complex architecture of the wafer.  
To attain the wafer architecture, X-ray Microtomography (XMT) was used on a sample to 
produce a stack of image slices which were reconstructed as a 3D volume. The 
microstructure of the 3D volume was characterised and then meshed with tetrahedral 
elements for finite element analysis. The cell walls of the model were given a linear elastic 
material model and a damage criterion to simulate the fracture of the cell walls. 
In-situ SEM and XMT experiments were conducted which allowed the deformation and 
fracture of the wafer sheet to be observed simultaneously as the global mechanical response 
was recorded. 
The FE model of the complex architecture was able to predict the deformation behaviour of 
the wafer in compression. In the future, the model can be used to simulate the cutting 
process of the wafer, allowing the effect of parameters such as cutting speed and blade 
dimensions to be determined efficiently. 
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1. Introduction 
In large scale food production, such as confectionery wafers with cream layered fillings, the 
cutting process is automated and one of the most crucial stages in the manufacturing. This 
often results in distorted cuts with unwanted fragments which may subsequently stick onto 
the cream filling. The wafer is eventually coated with chocolate and if the surface is jagged, 
the fragments will protrude through the chocolate to give an uneven, aesthetically 
undesirable finish. The fractured wafer also results in wastage on the assembly line which 
reduces the overall productivity of the plant.  
1.1. Aims & Objectives 
The “wafer book” is a composite consisting of alternating layers of the wafer sheets and the 
praline cream filling. The aim of this research is to model the deformation and fracture 
behaviour of wafer books used in chocolate confectionery products using a combination of 
experimental, analytical and numerical techniques.  
Prior to studying the fracture mechanisms associated with cutting of the wafer book, the 
deformation response under standard mechanical tests must be understood. Due to the 
composite structure of the wafer book it is first necessary to investigate the individual 
constituents, namely the wafer sheet and the praline cream. The majority of the work in this 
thesis is focused on the wafer sheet. 
Mechanical testing such as compression, flexure and cutting will be performed on the wafer 
sheet in order to determine fundamental material properties. The wafer sheet will be 
examined using optical microscopy, Scanning Electron Microscopy (SEM) and X-ray Micro 
Tomography (XMT) to obtain the wafer geometry as well as to characterise the internal 
microstructure. In-situ SEM and XMT compression tests will be performed to observe the 
microstructural deformation and fracture mechanisms on a 2D and 3D level respectively. 
A numerical model using the finite element method will be developed to predict the 
mechanical response of the wafer by implementing a ’crushable foam’ material model from 
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within the Abaqus software. Alternatively, the image sequence obtained from the X-ray 
micro tomography scan can be used to generate a three dimensional mesh of the actual 
wafer architecture. A damage criterion will be applied to the cell walls of the virtual wafer in 
order to simulate the fracture of the wafer beyond the elastic region. Once the finite element 
model accurately predicts the deformation of the wafer, then the cutting process can be 
simulated thus replacing the need for a series of costly and time consuming experiments. 
1.2. Outline of Thesis 
First, a literature review is presented in Chapter 2 which gives relevant background 
information with respect to the wafer and praline material, cellular solids, sandwich beams, 
mechanical testing methods, microscopy, X-ray micro tomography and finite element 
modelling.  
The mechanical testing, including the experimental methodology and the results obtained, is 
outlined in Chapter 3. These tests include uni-axial compression, three point bending and 
blade cutting of wafer sheet samples. 
The microstructure of the wafer is investigated in Chapter 4 using a combination of 
experimental and imaging techniques. Density measurement, optical microscopy, scanning 
electron microscopy and X-ray micro tomography were all used to characterise the structure 
of the wafer. In the case of the SEM and XMT, in-situ mechanical tests were also conducted. 
A description of the analytical calculations developed for the wafer being treated as 
sandwich beam is given in Chapter 5. Analytical models from literature for cellular foam 
structures are also detailed here and implemented to estimate material properties of the 
solid cell wall material. 
Chapter 6 focuses on the numerical modelling of the wafer deformation in compression, 
bending and cutting. It is divided into two sections; in the first section the wafer is modelled 
using a simple idealised geometry and a complex foam material model to describe its 
behaviour. In the second section, the actual architecture of the wafer is reconstructed from 
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the XMT scan. In this case the model possesses a complex architecture but a simple linear 
elastic material model with a damage function. 
Chapter 7 is dedicated to the praline cream. The effect of the cooling rate of the molten 
praline on its mechanical properties is investigated. Material and fracture properties are 
determined using uni-axial compression and wire cutting tests. 
The final section, Chapter 8, summarises the thesis with conclusions that have been drawn 
from this project and gives suggestions for potential future work. 
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2. Background 
2.1. Material 
The wafer book is comprised of alternating layers of wafer sheets and praline cream filling. A 
wafer book is shown in Figure 2.1 with the two constituent materials labelled. 
 
Figure 2.1 A wafer book encased with alternating layers of wafer sheets and praline cream 
2.1.1. Praline 
The praline is the sweet cream layer between the wafer sheets. Praline cream is traditionally 
made from nuts, most commonly hazelnuts, almonds or pecans, sugar syrup, and cream [1]. 
The praline cream supplied by Nestlé does not contain nuts and is a mixture of cocoa, cocoa 
butter, sugar, fat and wafer crumbs. Due to its composition, no existing mechanical data 
could be found. However, it was possible to research the properties of chocolate for 
comparison as cocoa, cocoa butter and sugar are the main components of most chocolate 
products. 
The production of chocolate is a complex operation, from processing harvested cocoa pods 
to setting the chocolate in a mould. For example, to obtain the smooth texture of chocolate, 
it must undergo conching, which is a process by which cocoa and sugar particles are broken 
down until they are too small for the tongue to detect [2]. Another important process is the 
solidification of the chocolate, which dictates the appearance and its mechanical properties. 
wafer praline 
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According to Diak who performed compression tests on specimens cooled at different rates, 
the specimens subjected to rapid cooling tended to produce higher yield stresses [3]. This is 
largely due to the presence of cocoa butter which exhibits polymorphism, i.e. it is able to 
exist in multiple forms of crystal structure which have different mechanical properties. These 
forms, conventionally labelled I to VI in the chocolate industry or otherwise γ to β1, are 
shown in Figure 2.2 with their corresponding melting temperatures, where β1 is the most 
stable crystal and γ the most unstable form. [4, 5] Since cocoa butter is a constituent of the 
praline cream, it was important to understand its influence. 
 
Figure 2.2 Different polymorphs of cocoa butter and their associated melting temperatures [5] 
In chocolate, form V is the desired crystal structure as it has a high enough melting point that 
allows storage at room temperature, but is also able to melt in the mouth. Form V also gives 
chocolate a glossy appearance and a pleasurable texture [6]. The lower forms are achieved 
from rapid solidification of the chocolate at low temperatures, but over a period of time the 
crystals will slowly transform into more stable forms until finally form VI is reached. This can 
be achieved even if the chocolate is stored at room temperature. Form VI gives rise to visible 
white crystals on the surface of the chocolate known as ‘chocolate bloom’. This is caused by 
residual liquid cocoa butter being pushed to the surface as existing crystals transform to 
more stable forms [7]. When the unstable crystals transform, the material contracts as the 
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stable crystals are more densely packed. They also release energy, some of which is latent 
heat of crystallisation and causes a rise in temperature, and some of which (coupled with the 
contracting material) is used to push the liquid cocoa butter between solid particles to the 
surface [2, 7]. 
Evidently the solidification of chocolate is highly temperature-sensitive and in practice the 
chocolate is carefully tempered to attain the correct form. In general, tempering involves first 
melting the chocolate to about 50°C, cooling and holding at a temperature of between 20-
30°C to allow for crystallisation, then reheating the chocolate to melt out any unstable 
crystals. The holding temperature and time are both dependent on the composition of the 
chocolate [5]. 
2.1.2. Wafer Sheet 
The wafer sheets provided by PTC Nestlé were baked at the factory. The baking process, as 
described in Baltasar’s thesis *8], consisted of spraying parallel strips of a liquid wafer batter 
between hot plates in a Haas oven. The wafer batter ingredients consist primarily of wheat 
flour and water, with trace amounts of sucrose, milk powder, oil, soya and salt [8, 9]. The 
plates, which have engravings on them called ‘reedings’, are closed to allow the batter to 
spread evenly while baking. This shape is essential to prevent sticking to the plates, and thus 
ease removal, when the wafer is baked. The plates are heated to around 150°C and the 
baking process lasts for 120 seconds. During the baking process most of the moisture 
evaporates, resulting in a porous cellular structure which is lightweight and crisp. When 
viewed under a microscope, the baked wafer appears to consist of two regions with different 
porosities. The sides of the wafer sheet that were in contact with the hot plates are less 
porous than at the centre of the wafer sheet. The two denser regions of the wafer sheet are 
designated in this report as the ‘wafer skin’ while the less dense region is referred to as the 
‘wafer core’. 
2.2. Cellular Foams 
Materials containing voids are common in both nature and engineering. Manufactured 
porous materials have a wide range of applications including lightweight components, impact 
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energy absorption, thermal insulation, acoustic dampening, vibration suppression and fluid 
flow control [10,11]. Porous materials also occur in nature such as wood, coral, bone and 
food. As the porosity volume exceeds a 70% threshold, the materials transition from a solid 
with pores to a cellular structure or foam. Cellular solids consist of a three dimensional 
interconnected network of solid struts or plates, which form the edges and faces of cells 
respectively [12]. Foams can be classified as open-celled or closed-celled, depending on the 
nature of the cell structure. In open-celled foams, the structure is skeletal and neighbouring 
cells are interconnected to each other. In closed-celled foams, individual cells are enclosed 
and separated from each other by the membrane in the cell faces. Single cubic open and 
closed cells are shown in Figure 2.3. 
 
Figure 2.3 Single cubic a) opened cell and b) closed cell [12] 
Thus in an open celled foam, all of the solid material is contained in the cell edges while in a 
closed celled foam the solid material is formed in both the edges and the faces of the cells. 
Some foams possess both an open and closed cell structure. The mechanical properties of 
the foam are dependent on the nature of the cellular structure as well as the cell shape, the 
properties of the parent solid material and the relative density or volume fraction of the 
foam. In cases where the shape of the cells is equiaxed, the foam can be considered to be an 
isotropic body. However, if the cells are elongated in any particular axis, then the foam 
becomes anisotropic with its mechanical properties dependent on direction. The relative 
density is the ratio of the density of the foam (ρ*) to the density of the solid cell wall material 
(b) (a) 
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(ρs). It is related to the foam porosity and ranges between 0.05-0.3 for foams. For any 
particular cell wall material, the relative density determines the Young’s modulus, yield 
strength and energy absorption of the foam. In uni-axial compression, the deformation 
curves of foams exhibit three distinct regions. At small global strains of less than 5%, the 
stress-strain response is linear. The linear region is followed by a plateau in which the strain 
increases at an almost constant stress. The final stage is defined as densification in which 
there is a steep increase in the stress. Foams are categorized as elastomeric, ductile or brittle 
based on the mechanical response of the plateau region in compression. The stress-strain 
curve of each type of foam is shown in Figure 2.4. 
 
Figure 2.4 The stress-strain curve of elastomeric, ductile and brittle foams [12] 
For all three types of foams, the linear elastic region of the stress-strain curve corresponded 
to bending of the cell edges and walls, while the densification region was a result of cell walls 
completely collapsing and contacting each other. In elastomeric, ductile and brittle foams, 
the plateau arises due to elastic buckling, plastic hinging and brittle fracture of the cell walls 
respectively. The deformation mechanism experienced by a unit cell in each type of mode is 
visualised in Figure 2.5. 
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Figure 2.5 The deformation experienced by a unit cell of an a) elastomeric foam due to elastic 
buckling, b) ductile foam due to plastic hinging and c) brittle foam due to brittle fracture [12] 
Gibson and Ashby [12] derived analytical equations for open and closed celled foams which 
related the relative modulus of the foam to its relative density. The equation for closed celled 
foams also included terms accounting for the cell wall stretching and the pressure within the 
cells.  
For a complete understanding of cellular materials, the structure should be studied at two 
different scales: the microstructure of the constitutive material and the cellular 
microstructure of the material itself [13]. The constitutive material governs the global 
behaviour because it modifies the properties of the solid part of the material. The cellular 
microstructure describes the size and morphology of the arrangement of the solid and 
gaseous phases in a cellular material.  
2.3. Mechanical Testing 
Mechanical measurements are all based on recording the force when a deformation is 
applied to the product. Stress-strain curves can be determined from such load deflection 
data. Common tests can be classified into four basic deformation principles: flexure, uni-axial 
compression, shearing and uni-axial tension as shown in Figure 2.6. 
(b) (a) (c) 
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Figure 2.6 Basic modes of deformation : a) uniaxial compression, b) shear, c) bending, d) tension [8] 
The advantage of such tests is that fundamental parameters of the material are obtained. 
Certain important conditions must exist in terms of the geometry of the specimens, hence 
the need to use experimental standards. 
2.3.1. Uni-axial Compression 
In compression tests, the specimen is compressed either between two parallel plates or by a 
plunger compressing the sample held in a cylinder. This is, arguably, the most common test 
used to determine the texture of dry products and has been extensively used by different 
authors [14-22]. What differs in the different studies is the way in which the force-
deformation data have been analysed. 
Some authors have applied a fundamental approach for the analysis of force-deformation 
results [21, 22]. The fracture stress was calculated from the load to failure divided by the 
cross-sectional area of the foam. Young’s modulus was determined from the gradient of the 
linear part of the force-displacement curve before failure. 
In recent years, with the possibility of acquiring digital data from the mechanical tests with a 
computer, novel methods for measuring “crispness” have been developed. These studies 
have concentrated on the plateau region of the force-deformation curve obtained in 
compression, which consists of a number of sharp force peaks [13, 24]. Such curves are 
inherently difficult to interpret as more traditional methods such as gradient, distance to 
fracture, maximum force, number of peaks, and total area are rendered meaningless as the 
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order in which peaks occur and compound happens seemingly randomly from repetition to 
repetition. These studies also suggested the determination of the power spectrum using 
Fourier transform analysis or the use of fractal dimensions to analyse these multi-peak 
curves. 
Compression tests are preferred over tensile tests for soft foods as there is no need to grip 
the specimen, which is suitable for the praline. They are also simple to perform but 
unfortunately there may be friction between the specimen and the loading plates which 
would affect the results. According to Charalambides et al [21], who investigated the 
frictional effects on cylindrical specimens of cheese, friction between the surfaces of the 
specimen in contact with the loading plates would lead to a visible barrelling effect of the 
specimen and an inhomogeneous stress-strain state. If there was no (or minimal) friction, the 
specimen is not frictionally constrained by the loading plates and maintains its cylindrical 
shape as it is compressed and deformation is homogenous. The difference in the shapes of 
specimens with and without lubrication is shown in Figure 2.7. 
 
Figure 2.7 Deformed shape of Gruyere cheese a) unlubricated and b) lubricated [21] 
In investigating frictional effects, specimens of different heights are compressed and their 
respective stress-strain curves are compared. From experiments investigating the frictional 
effects on foodstuffs such as dough and cheese, it was shown that stress-strain curves should 
decrease as the specimen height increases [21]. The difference in the stress-strain curves 
between specimens of varying heights becomes more evident in cases where friction was 
dominant. Through the use of lubricants, it was possible to eliminate frictional effects, 
producing a single stress-strain curve for specimens of different heights [22]. 
(b) (a) 
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2.3.2. Bending & Sandwich Beams 
Many food products which are baked produce external crusts such as bread, cake and 
cookies. Despite the fact that the original pre-baked material has the same chemical 
composition, the crusts are denser and stiffer than the internal structure after baking. Food 
materials with a crust are analogous to engineered sandwich structures where a light core 
stabilizes the outer stiff sheet against damages resulting from buckling and impact loading 
[23]. The larger part of the deformation will be transferred to the core material while the 
crust will stay intact for a while. The exact effect of such a sandwich structure depends on 
the mechanical differences between crust and core, and on the direction of loading. Whether 
the deformation during eating is more related to bending or to compression may be an 
important factor for the relative importance of crust and core properties when it comes to 
human perception of texture. 
As a result of the baking process described in Section 2.1, the wafer sheet formed stiff and 
dense external skins and a much more porous core. The local composition changes due to 
plasticizer (water) concentration and distribution [24]. The structure of the wafer can thus be 
modelled analytically and numerically as a sandwich beam with two skins on either side of a 
foam core. 
Allen [25] stated that the 3-point bending tests (Figure 2.8a) were less accurate than 4-point 
bending tests (Figure 2.8b) and used the latter to develop analytical solutions for the stiffness 
and deflection of a sandwich beam. The maximum deflection of the beam is due to both 
flexural and shear deformations [26-29]. It was noted that the shear deformation is 
predominant in the core. 
 
Figure 2.8 A sandwich beam setup for a) 3 point bending and b) 4 point bending 
(b) (a) 
BACKGROUND 
 
13 
 
Subjecting sandwich beams to three-point bending tests is a common experiment since it 
examines the beam in a realistic situation [30-32]. As stated by Steeves and Fleck [29] there 
are four main modes of failure (modes of collapse) in three-point bending. These are a) core 
shear, b) face yield or micro buckling, c) indentation beneath the loading rollers and d) 
wrinkling of the compressive face sheet. These are illustrated in Figure 2.9. As described by 
Steeves and Fleck, the values of load to initiate these failures are different and can be found 
mathematically. The beam will fail at the lowest value of these loads and it is important to 
understand the modes of failure. 
 
Figure 2.9 The four main modes of failure in 3 point bending of sandwich beams [29] 
Timoshenko also developed a relationship for sandwich beams using the theory of 
symmetrical beams with two different materials [33, 34]. It assumes that during bending 
there is no sliding between materials (skin and core) and thus the theory of solid beams is 
applicable. This method transforms the thickness of the core material into an equivalent 
thickness which corresponds to the modulus of the skin and hence converts the sandwich 
beam into an I-beam. Using Timoshenko’s equivalent I-beam, the flexural rigidity of the I-
beam can be calculated and when compared to Allen’s equation for the sandwich beam, both 
were identical. However, these equations were applicable for uniform beams and thus could 
not be applied to the wafer, since the presence of reedings in the wafer geometry 
complicated the analysis as a sandwich beam. 
(b) 
(a) (c) 
(d) 
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Timoshenko developed a theory for analysing beams of varying cross-section which stated 
that the deflection of a beam of variable cross-section can be reduced to that of constant 
cross-section by using a modified bending moment diagram [34]. Romano and Zingone 
extended the equation of a Timoshenko beam to analyse and predict the deflection of beams 
of varying height and width [35]. However his analysis worked for parabolic and linearly 
varying loads but failed for concentrated loads [36]. 
By combining Timoshenko’s theories for symmetrical beams with two different materials and 
beams of varying cross-section, the wafer could be accurately analysed as a sandwich beam. 
This will be described in detail in Chapter 5. 
2.3.3. Blade & Wire Cutting 
Cutting is of particular interest in the application to foods as it often applies to food 
preparation and production. Fracture toughness can be determined from cutting tests, and in 
addition cutting becomes continuous in the steady state which gives time to take 
measurements and to make observations [37]. 
As the blade moves through the material at constant speed, it produces a force that 
comprises of the force used in elastic and plastic deformation, the force to overcome the 
friction of between blade and the material, and a force known as the ‘disintegration force’ 
that is applied by the cutting edge on the material. At a certain stage referred to as stabilised 
cutting conditions, the total force reaches a maximum and remains there for a time until the 
blade begins to leave the material and the cutting force decreases to zero [38]. 
Wire cutting is used over blade cutting because there is less contact area between the wire 
and the material and hence less friction. For a constant speed, the local strain rate, and 
hence the force, in the material immediately surrounding the wire is expected to decrease as 
wire diameter increases [39, 40]. It has been found that for steady-state cutting, the constant 
force is proportional to the wire diameter and has a linear relationship. 
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2.4. X-ray Micro Tomography 
Conventionally, microstructural characterisation is performed in 2D using an optical or 
scanning electron microscope [41-46]. These 2D images are often enough to obtain 
quantitative information about the microstructure and even extrapolate 3D information. 
There are limitations to the use of 2D images and these may occur when the connectivity and 
size distribution of phases are 3D parameters. The SEM image and XMT volume of the 
biopolymer scaffold in Figure 2.10 shows how differently the microstructure can be 
interpreted on the 2D and 3D scale. Thus, when reliable measurement cannot be produced 
from 2D surfaces, the need for 3D characterisation arises. 
 
Figure 2.10 A biopolymer scaffold a) 2D SEM image b) 3D XMT reconstruction [45] 
Computerised X-ray tomography is a non-invasive technique which has the ability to provide 
high quality 3D images of a wide range of opaque materials [47-53] thus making it a useful 
tool for analysing the cellular microstructure of foams. X-ray tomography has appeared 
recently to be a very powerful tool to characterise the microstructure and architecture of 
cellular materials. This technique can be successfully applied to cellular solids due to their 
low overall absorption of the X-rays which allows large specimens to be studied. It also allows 
large deformations to be imaged so the important buckling, bending or fracture events 
appearing during the deformation can be visualised. 
(a) (b) 
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Maire et al [13] compared four different closed cell foam materials which are shown in Figure 
2.11 and found the architecture to be similar despite having extremely different properties. 
The parameters which characterize the architecture of a cellular material are its global 
density, cell size distribution and wall thickness distribution.  
 
Figure 2.11 3D renderings of a) aluminium foam, b) polyeurethane, c) bread, d) concrete reconstructed from 
tomography images [13] 
The experimental implementation requires an X-ray source, a rotation stage and a 
radioscopic detector. A complete analysis is made by acquiring a large number (typically 900) 
of X-ray absorption radiographs of the same sample under different viewing angles (one 
orientation for each radiograph). According to the Beer-Lambert law, the ratio of the number 
of transmitted to incident photons is related to the integral of the absorption coefficient of 
the material along the path that the photons follow through the sample. A final computed 
reconstruction step is required to produce a three dimensional map of the local absorption 
coefficients in the material. The software uses a filtered back projection algorithm to 
reconstruct the image slices of the sample perpendicular to the rotation axis. A detailed 
description of the X-ray tomography process can be found in literature [41, 53]. 
The 3D image obtained from the X-ray tomography can be analysed in a number of ways 
depending on the requirements of the study. The first step in most studies is image analysis 
which requires 3D visualisation software using sophisticated algorithms. Commercial 
packages are available and some of the more popular ones include ImageJ, VGStudioMax, 
Aphelion, Amira and ScanFE [41, 53]. The image analysis highlights the architecture of the 
microstructure and can determine parameters such as the local volume fraction, cell size 
(b) (a) (c) (d) 
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distributions, cell wall thickness and specifically for foams, the local density distribution 
which describes the homogeneity of the foam. 
Real in-situ experiments using X-ray tomography allow one to monitor the microstructural 
evolution of the material specimen [14, 54-56]. For mechanical testing the strain localisation 
can be observed and the deformation mechanism (bending, buckling, fracture) can be 
determined. Sometimes the experiments are performed interrupted, meaning that the 
experiment is halted at different points in time to allow the radiograph to be taken. This 
practice is followed because the time needed for a complete scan is less than the evolution 
time of the microstructure or in the case of materials such as polymers, relaxation may 
introduce blurs in the reconstruction. 
Dillard et al [54] analysed the deformation behaviour of an open celled nickel foam by 
performing in-situ XMT tensile and compression tests. The XMT scans were taken at different 
stages of the deformation and then reconstructed in 3D as shown in Figure 2.12. Bending of 
the cell edges was observed followed by buckling and collapse of cells and eventually 
densification. 
 
Figure 2.12 3D rendering of the XMT scans of a nickel foam at different stages of compression [54] 
In-situ XMT testing does not allow for continuous deformation or for the corresponding 
stress fields to be revealed. Simulating the experiment by means of FE modelling allows this 
information to be obtained. 
2.5. Finite Element Modelling using XMT 
A quantitative 3D analysis can also be performed by taking advantage of the physics of the 
tomography. The tomography images describe perfectly, and in three dimensions, the 
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complexity of the architecture of cellular materials. The appropriate tool which allows us to 
perform the calculation in such a complex situation is the Finite Element (FE) method [57-65]. 
The digital 3D images obtained from XMT are the starting point of FE simulations. 
Conversion of an XMT image to a finite element mesh is not trivial and many approaches are 
available. Three different methods to produce meshes reflecting the architecture of a cellular 
material are meshes based on Voronoi description of microstructure, voxel-element meshes 
and tetrahedral meshes [53]. Figure 2.13 shows the meshes produced using the three 
different reconstruction methods. The Voronoi method (Figure 2.13a) uses a numerical 
approach to extract co-ordinates of cell vertices from the tomographic images to construct 
beam and plate elements. It is suitable for modelling open cell foams since nodal points are 
more easily determined. 
 
Figure 2.13 Schematic showing the transformation of a 3D image to a mesh using a) Voroni method b) 
voxel-element method and c) tetrahedral elements [53] 
The voxel-element method (Figure 2.13b) is easily implemented and transcribes the voxel (3D 
pixel) structure of the tomographic image into a mesh of cubic elements. For cellular 
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materials, the images are thresholded such that voxels belonging to the solid phase are kept 
in the mesh. This technique is simple and converts each voxel to an eight noded cubic 
element although it produces an inaccurate representation of the microstructure. This 
method is inefficient because large, dense meshes are generated with long calculation times. 
A sub-resolution technique which replaces a group of eight voxels by a single voxel can be 
used to simplify the mesh. 
The third method is more sophisticated and generates a tetrahedral mesh of solid elements 
(Figure 2.13c). Tetrahedral meshes allow the actual shape of the architecture to be exactly 
reproduced by implementing tetrahedral shaped elements. A smooth surface domain of 
discretised triangles is first generated before the solid volume with tetrahedral elements is 
created. This is achieved with a marching cubes algorithm using software such as Amira, 
Avizo or ScanFe. It is the most accurate meshing method because it reproduces the actual 
shape of the foam although the calculation time can be longer than a voxel-element mesh of 
the same resolution. 
The drawback of using FE computations based on X-ray tomography is that they are likely to 
be time and memory consuming. The aim is always to find the best tradeoff between the 
computing time and the accuracy of the results. 
Maire et al [13] generated a mesh of a polyurethane foam using the voxel-element technique 
as shown in Figure 2.14 and simulated its compression using the FE software Abaqus. The 
solid material was given linear elastic material properties and the nodes at the top of the 
model were displaced by a total strain of 5%. The effective modulus of the foam was 
calculated from the simulation and compared to the experimentally obtained value, with 
poor agreement between the two due to the type of mesh used. 
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Figure 2.14 A PU foam with a) voxel-element mesh and b) tetrahedral mesh [13] 
Guessasma et al [57] investigated the link between mechanical properties and 
microstructure of bread crumbs by performing finite element analyses on an XMT generated 
mesh. The voxel-element and marching cubes approaches were both performed to produce 
the FE mesh. Linear elastic material characteristics were assumed for the bread crumb, and 
boundary conditions corresponding to uniaxial compression were applied. The Young’s 
Modulus of the solid material was obtained from the slope of the densification region in the 
experimental stress-strain curve. The simulation was performed for crumbs of various 
porosities. Experimental and numerical values were in good agreement, although the 
tetrahedral mesh yielded better agreement which underlined the importance of taking the 
actual architecture into account. 
Both Sanchez et al and Watson et al used XMT to characterise aluminium composites with 
graphite and nickel particles respectively [49, 61]. The commercial software Amira and 
ScanFE were used to generate a mesh and the finite element software Abaqus was used to 
deform the mesh. The constituent materials were described by a linear elastic material 
model in the case of Sanchez while Watson used an elasto-plastic material model. The 
models were compressed to 5% global strain and the composite modulus was calculated 
based on the output. The modulus values matched closely to the experimentally obtained 
(b) (a) 
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values, however did not accurately predict the material behaviour at larger strains. This was 
because the finite element model did not account for the particle matrix debonding or 
particle cracking which was experimentally observed. 
Fuloria and Lee [64] performed XMT scans on an interrupted fatigue test of an aluminium 
alloy. FE meshes of the sample were generated from XMT scans before and after testing. 
Symmetrical boundary conditions were applied to the nodes on the transverse faces and a 
static stress was applied as a loading condition. An elastic plastic constitutive material model 
was used. The interrupted XMT scans showed that the cracks deviated towards pores, which 
was supported by the finite element simulation in which the stress concentrations were 
shown to be present around the pores and at the crack tip. The FE model was limited as it 
could not actually simulate the crack growth. 
When the number of pixels used to describe the cell wall thickness is too small, Caty et al [60] 
recommended that continuum elements should not be used and instead be replaced with 
shell elements. The compression simulation of a stainless steel cellular model was displaced 
9% to avoid interaction between adjacent cells since contact was not modelled. The shell 
model was compared to the tetrahedral model. The deformation contour plots from both 
models were quite similar but the advantage of the shell model was faster convergence and 
thus the ability to model larger samples with shorter CPU times.  
Jeon et al [58, 59] showed that small voids could be disregarded in the XMT reconstruction 
since the stress-strain curve of the specimen was governed by the collapse of large cells. The 
FE software Abaqus was used to simulate a compression of 5% strain since contact between 
cell walls was not included in the model. Tetrahedral continuum elements were used and 
given an elastic-plastic material model. The actual foam specimen and the finite element 
model are shown in Figure 2.15. 
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Figure 2.15 The actual foam between compression plates and the finite element compression 
simulation of the XMT generated mesh [59] 
In most of the literature reviewed, the foams and composites were deformed to small global 
strain values. Only in few cases did they account for the contact between cell walls [65] or 
the damage of these cell walls [66-68]. The numerical modelling of the deformation of the 
wafer in this project aims to simulate the brittle fracture of cells as well as the interaction of 
these cell walls at high strains. 
2.6. Finite Element Damage Modelling 
Damage in materials is a complex phenomenon and occurs through a number of failure 
mechanisms. Numerical modelling of these failure mechanisms using the finite element 
method allows predictions to be made. Damage modelling can be divided into four 
categories based on failure criteria, fracture mechanics, plasticity and damage mechanics. 
The failure criteria approach was based on a critical stress or strain values in which fracture is 
said to have occurred if the stress or strain at any of the model’s coordinates exceeds its 
respective failure stress or strain. In the failure criteria approach the position and size of 
cracks are unknown which makes the fracture mechanics method more appealing. This 
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approach considers the strain energy at the front of a crack and compares the energy with a 
critical quantity. The disadvantage to the fracture mechanics approach is that it requires an 
initial defect in the geometry of the model. The plasticity approach is suitable for ductile 
composites and combines the classical flow theory of plasticity with a failure criterion. The 
damage mechanics approach is the most efficient and has the potential to model all the 
different failure modes in composites. Damage evolution laws are associated with each 
failure mechanism which relates the damage variable to strain energy release rates. An in-
depth review of each damage modelling approach can be found in literature [69]. 
A number of authors have used numerical progressive damage techniques to simulate the 
damage of composite laminates [70-72]. For example, Ivanov and Sadowski [71] modelled 
plywood, which was made from alternating layers of spruce and pinewood, using the 
commercial software Abaqus. The model simulated a compact tension experiment which 
used continuum shell elements for the wooden layers and cohesive elements for the glued 
interface between layers. This simulation was unique because it implemented two different 
damage models to simulate fibre rupture of the plywood and delamination at the interfaces. 
The plywood was represented as a layered unidirectional fibre composite with orthotropic 
elastic properties and damage evolution. The Hashin damage model from the Abaqus 
material library was used to simulate the progressive failure of the plywood. The damage 
variables of the Hashin model are related to fibre breakage and matrix damage which 
degrade the elastic modulii of the material. The material behaves linear elastically until the 
damage initiation criterion is met at a specified stress. The stress is then reduced linearly due 
to the damage variable until ultimate failure occurs at a critical fracture energy. The interface 
between adjacent layers of the plywood was modelled using cohesive elements. The 
constitutive response of this type of elements is determined by a traction-separation 
relationship. The damage initiation of the cohesive element is determined by a quadratic 
nominal stress criterion which includes the peeling and shear strength of the interface. The 
damage variable then degrades the stiffness of the cohesive element while its critical fracture 
energy determines the ultimate failure. The finite element model of the plywood undergoing 
compact tension qualitatively represented what was experimentally observed, but did not 
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quantitatively match the results due to the overestimation of the input critical fracture 
energies. 
Damage modelling has also been applied to metal forming including processes such as 
cutting, sheet stamping, blanking and punching. The blanking process involves the plastic 
deformation of a metal sheet subjected to the actions of a punch tool. Several authors have 
used a ductile damage material model from the Abaqus Explicit library to simulate the hole 
blanking of metals [73-77]. The damage model was able to predict the punch displacement 
threshold which fractured and potentially cut through the metal. The material model initially 
behaves in an elasto-plastic manner while the damage initiation and ultimate failure are 
governed by the plastic strain. Further theoretical aspects of the ductile damage material 
model are described in literature [76]. Figure 2.16a shows the plastic strain distribution of a 
deformed aluminium sheet and Figure 2.16b shows the damaged elements which represent 
the sites where fracture occurred. The advantage of combining the material plasticity and 
damage was to avoid over-estimating the formability of sheet metals. The ductile damage 
material model has also been used in impact simulations [78]. 
 
Figure 2.16 The deformed finite element model showing a) the plastic strain contour and b) the 
undamaged (blue) and damaged (red) elements [74] 
The finite element method has been used extensively to simulate the orthogonal machining 
of materials using a cutting tool [79-81]. The elements belonging to the workpiece material 
requires a chip separation criterion which allows the chip fragment to separate from the 
material body. The chip separation was simulated on Abaqus Explicit using element deletion 
and the Johnson-Cook material model. The material model required a failure strain and 
(b) (a) 
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experimentally determined failure constants. The elements of the model belonging to the 
chip were separated from the elements of the workpiece material by a thin layer of elements 
which possessed the shear failure damage criterion. This layer would delete as the cutting 
tool moved through the material, hence separating the chip from the workpiece material. In 
the case of cutting rubber, a hyperelastic constitutive material model was used. The 
simulations were used to predict the cutting forces, chip shapes and stress fields of the 
workpiece. An example of a chip formed during the cutting simulation is shown in Figure 
2.17. 
 
Figure 2.17 3D finite element cutting simulation showing chip formation [80] 
Penetrative cutting was simulated for the wire cutting of starch gels [39, 40]. The failure 
criterion was assumed to a critical strain which governed the crack propagation ahead of the 
wire. As with the damage models used for orthogonal cutting, the exact path of the damage 
needed to be known in advance in order for the model to accurately simulate the cutting 
process. This is also true of the cohesive zone material model. The ductile damage for metals 
material model and the Hashin damage material model for composites did not possess this 
limitation. 
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2.7. Foam Material Models in Abaqus 
Abaqus is a commercial software package for finite element analysis which allows the user to 
create, edit, monitor and visualise advanced finite element models. There are two foam 
material models which can be used from the material library of the Abaqus CAE software. 
These are the Hyperfoam and the Crushable Foam [82]. 
2.7.1. Hyperfoam Material Model 
The hyperfoam model provides a general capability for elastomeric compressible foams at 
finite strains. It is isotropic and nonlinear and can be used on cellular solids which undergo 
very large volumetric changes. Elastomeric foam materials include cellular solids which can 
be used for cushions, padding and packaging materials. For a specific stress level, the energy 
absorbed by the foam is substantially greater than that for an ordinary elastic material. 
In the elastomeric foam material model the elastic behaviour of the foam is based on the 
strain energy function. Abaqus accepts test data from uniaxial tension/compression, 
equibiaxial tension/compression, planar tension/compression, volumetric 
tension/compression and simple shear, in order to calibrate the parameters of the strain 
energy function.  
The hyperfoam model was used by Liu and Scanlon to analyse the mechanical properties of 
the crumb of white bread loaves [83]. The model was validated using uniaxial compression 
data and altering the Poisson’s ratio.  
2.7.2. Crushable Foam Material Model 
The crushable foam plasticity model can be used to describe foam materials which undergo 
permanent plastic deformation. It is intended for foams which are typically used as energy 
absorption structures but materials such as balsa wood are also applicable. It is most 
appropriate for monotonic loading. The crushable foam model can be used to model the 
ability of a foam material to deform in compression to large strains. The model is based on an 
assumption that the resulting deformation is not recoverable instantaneously and can be 
idealized as plastic for short duration events. 
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The crushable foam material model was built as a joint project between BMW and ABAQUS 
to accurately simulate the crashworthiness of energy absorbent impact materials [84]. The 
*CRUSHABLE FOAM option specifies the plastic part of the material behaviour for elastic 
plastic materials. For the plastic behaviour, the yield surface is a von Mises circle in the 
deviatoric stress plane and an ellipse in the meridional stress plane. It must be used in 
conjunction with the *CRUSHABLE FOAM HARDENING option which in turn has two 
hardening models: volumetric and isotropic. The hardening curve describes the uniaxial 
compression yield stress as a function of the corresponding plastic strain. 
The volumetric hardening model is motivated by the experimental observation that foam 
structures usually experience a different response in compression and tension. In 
compression, the ability of the material to deform volumetrically is enhanced by cell wall 
buckling while in tension, the cell walls break readily. As a result, the tensile load bearing 
capacity of crushable foams may be considerably smaller than its compressive load bearing 
capacity. The volumetric model assumes that the hydrostatic tension strength remains 
constant throughout any plastic deformation. Volumetric hardening uses a yield surface with 
an elliptical dependence of deviatoric stress on pressure stress as shown in Figure 2.18. The 
shape factor is computed using the initial yield stress in uniaxial compression, the initial yield 
stress in hydrostatic compression and the yield strength in hydrostatic tension and thus these 
parameters need to be known in order to calibrate the model. Since foams are rarely tested 
in tension, it is acceptable to approximate the hydrostatic tensile yield strength to 10% of the 
initial yield stress in hydrostatic compression. 
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Figure 2.18 Crushable Foam model with volumetric hardening [82] 
The isotropic model was originally developed for metallic foams by Deshpande and Fleck 
[85]. The crushable foam model with isotropic hardening is applicable to both polymeric and 
metallic foams. It assumes symmetric behaviour in tension and compression. The yield 
surface is elliptical in shape centred at the origin and governed by an equivalent plastic strain 
as shown in Figure 2.19. The shape factor is computed using the initial yield stress in uniaxial 
compression and the initial yield stress in hydrostatic compression. Another required input 
parameter for the isotropic hardening model in the plastic Poisson’s ratio. This value is the 
ratio of the transverse to longitudinal plastic strain under uniaxial compression. To define the 
hardening evolution of the yield surface, a simple uniaxial compression test is sufficient. The 
plastic stress and the corresponding axial plastic strain data are input in tabular form. 
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Figure 2.19 Crushable Foam model with isotropic hardening [82] 
Deshpande and Fleck [85] investigated the yield behaviour of two aluminium alloy foams, 
Alporas and Duocel. The Alporas was a closed cell foam with two samples of relative 
densities 8.4% and 16% and cell size 4 mm while the Duocel foam was open celled with 
relative density 7% and average cell size 2.5 mm. Specimens were loaded under axisymmetric 
compression to determine the stress-strain response. The shape of the initial yield surface 
and its evolution were investigated under hydrostatic and uniaxial compressive loading. The 
model predicts the stress versus strain response of the foams under proportional loading 
conditions to reasonable accuracy. However at large plastic strains, the isotropic hardening 
model cannot describe the material behaviour due to the development of anisotropy. 
Mills [86, 87] reviewed the Crushable Foam model by comparing its response with low 
density polystyrene foam undergoing uniaxial and hydrostatic compression. The polystyrene 
foam, used in packaging and protective helmets, consisted of polyhedral closed cells. While 
the model matched experimental data under increasing strain, it was criticised for its inability 
to predict the response in unloading as well as the requirement of the yield stress in 
hydrostatic tension, a quantity which is virtually impossible to measure. 
The crushable foam material model has been used to model the material behaviour of the 
foam in sandwich panels [88-90]. The face sheets were modelled as linear elastic with no 
damage initiation. The hardening behaviour of the foam was defined by the stress-strain data 
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obtained from a uniaxial compression test of just the foam. The finite element models 
simulated indentation or compression of the sandwich structures. The output was compared 
to actual experiment with reasonably good agreement in each case. The materials used 
included polyurethane, polystyrene and aluminium which were rigid foams. There was no 
reported literature for a brittle foam material model nor the application of the crushable 
foam material model to brittle foams. 
2.8. Summary 
The wafer book used by Nestlé is comprised of alternating layers of wafer sheets and praline 
cream filling. The praline cream is a mixture of cocoa, cocoa butter, sugar, fat and wafer 
crumbs and thus contains some of the ingredients found in chocolate. The wafer sheet was 
baked between hot plates and its batter consisted primarily of wheat, flour and water. The 
baking process resulted in the wafer having a cellular microstructure of a foam. Cellular solids 
consist of a three dimensional interconnected network of solid struts or plates, which form 
the edges and faces of cells respectively. In uni-axial compression, the deformation curves of 
foams exhibit three distinct regions: linear, plateau and densification and are further 
categorized as either elastomeric, ductile or brittle. 
The structure of the wafer can be described as a sandwich beam with two stiff, dense skins 
on either side of a foam core. By combining Timoshenko’s theories for symmetrical beams 
with two different materials and beams of varying cross-section, the wafer could be 
accurately analysed as a sandwich beam. 
Computerised X-ray tomography is a non-invasive technique which has the ability to provide 
high quality 3D images. A quantitative 3D analysis can also be performed by taking advantage 
of the physics of the tomography and performing a finite element analysis on the actual 
architecture of the foam. In most studies, the foams were deformed to small global strain 
values and rarely accounted for the contact between cell walls or the progressive damage of 
the cell walls. The numerical modelling of the deformation of the wafer in this project aims to 
simulate the brittle fracture of cells as well as the interaction of these cell walls at high 
strains. 
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3. Mechanical Testing 
3.1. Introduction 
Mechanical testing was performed in order to obtain the material properties of the wafer. All 
tests were conducted using an Instron 5543 testing machine which was operated using a 
servo-controlled system. The Instron’s load cell capacity was 1kN and controlled using Merlin 
software. Different rigs were fitted to the machine to test the wafer in compression and 
bending and also to perform cutting experiments. The software generated load-displacement 
plots as the wafer was mechanically deformed which allowed the material behaviour to be 
analysed. All mechanical testing was performed at 21°C and 50% relative humidity. 
3.2. Uni-axial Compression 
3.2.1. Specimen Preparation 
Wafer sheets were provided by Nestlé and kept in sealed, air-tight bags to prevent moisture 
uptake which would change the material properties of the wafer. These had the dimensions 
of the baking plates which were 500 x 300 mm2. The specimens were first cut into squares 
using a scalpel and then into circles using a bore tool. The bore tool consisted of a sharp 
edged hollow cylinder and a guide through which the cylinder slides through as seen in 
Figure 3.1. This setup allowed circular specimens of diameter 40 mm to be produced. 
 
Figure 3.1 The bore tool used to produce circular wafer specimens 
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The samples were then placed on top of each other to form stacks. Wafer stacks were 
initially used in testing so as to create a taller specimen since each wafer on its own was 
approximately 2.3 mm high. Using stacks allowed for testing at higher speeds since it would 
be near impossible to obtain sufficient data from a single sheet. Before each test, the height 
of the stack from reeding to reeding was measured using vernier callipers. 
3.2.2. Compression Testing 
Uni-axial compression tests were performed because they are simple and there is no need to 
grip the specimens. The Instron 5543 testing machine was used with the compression rig 
which consisted of two rigid platens. The setup is shown in Figure 3.2.  
    
Figure 3.2 The uni-axial compression rig: a) schematic and b) actual setup 
It was assumed that the compressive load was distributed uniformly across the surface of the 
wafer in contact with the plates. It was also assumed that the frictional effects between the 
plate and the wafer were negligible, thus making the use of lubrication unnecessary. The 
wafer is a foam and deforms in the direction of the applied load with minimal lateral bulging 
hence justifying the lack of the need for lubrication. If a lubricant was used, it would be 
absorbed by the wafer and change its material properties due to plasticisation. 
As the sample was compressed, the software Merlin recorded the force (F) experienced by 
the load cell and the displacement (e) of the upper platen. The nominal stress (σ) and 
nominal strain (ε) were calculated using load-displacement data and the dimensions of the 
Top compression 
platen 
Bottom compression 
platen 
Wafer sample 
reeding 
(b) (a) 
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sample diameter (D) and stack height (H). The stack height was measured as the distance 
between the top and bottom edges of reedings. Equation 3.1 and Equation 3.2 state how the 
stress and strain were calculated respectively. 
   
 
  
 
  
  (3.1) 
 
   
 
 
 (3.2) 
Initial compression tests were performed on wafer stacks of 5 sheets at a constant speed of 5 
mm/min. The resulting stress-strain curves can be seen in Figure 3.3. From these graphs, it 
could be seen that the data were reproducible within an acceptable experimental scatter. 
This was observed consistently in all later compression tests and thus only a single curve is 
plotted henceforth when comparing data purely for the sake of clarity in the figures. 
 
Figure 3.3 Stress-strain curves obtained from replicate tests with the same parameters of speed (5 
mm/min) and stack size (5 wafer sheets) 
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The compressive stress-strain curves were characteristic of a brittle foam displaying the three 
distinctive stages of the deformation.  Figure 3.4 shows an annotated stress-strain curve with 
these stages accompanied with images of the wafer stack at different stages of deformation. 
The first stage (2-3) was linear elastic until the rupture stress, at which point there was a 
sudden drop in the stress due to the initial fracture of the cell walls. This was followed by the 
plateau (4-7) which was jagged in shape due to the brittle fracture of the cell walls. The final 
stage (8-12) showed a rapid increase in the stress, typical of foam densification. In addition to 
the three stages, an initial non-linear deformation was observed before the linear elastic 
region. This non-linearity was attributed to the uneven surface of the wafer [91] and was 
later verified with a finite element analysis in Chapter 6.3.3. 
 
Figure 3.4 Stress-strain curve showing the different stages of the deformation with accompanying 
images of the wafer stack being compressed 
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3.2.3. Orientation of Reedings 
The reedings formed a grid on the wafer giving the wafer its non-uniform surface contour. 
Since wafer stacks were being used, it was necessary to test the effect of the grid orientation 
relative to the grid on the adjacent layer. In the previous set of tests, the alignment of the 
reedings with each other was ignored and thus the stress-strain graphs represented a 
random reeding alignment. For this set of tests, the grid of reedings were aligned either 
parallel or at 45° degrees to each other as visualised in Figure 3.5.  
 
Figure 3.5 Wafer stacks with the orientations of the reedings a) parallel and b) 45° 
Stacks of 5 wafers were compressed at a uniform speed of 5 mm/min and for each 
orientation, six repetitions were performed. The stress-strain curve of each test was plotted 
using the load displacement data. The gradient of the linear part of the graph was used to 
calculate an apparent compression modulus of the wafer stack. The deformation curves were 
quite similar for both orientations tested as seen in the representative graphs of Figure 3.6.  
(b) (a) 
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Figure 3.6 The stress-strain curves of wafer samples with different reeding orientations, stack height 
of 5 wafer sheets compressed at a speed of 5 mm/min  
An average modulus value of 4.54 ± 0.41 MPa was calculated and the stress at initial fracture 
was measured to be 0.26 ± 0.04 MPa. The results from the parallel and 45° stacks are 
compared graphically in Figure 3.7. It was concluded that the orientation of the grid of 
reedings had little effect on the deformation of the wafers. In future tests, the orientation of 
the grid was ignored and the wafers were stacked randomly. 
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Figure 3.7 The a) compressive modulus and b) fracture stress of wafer stacks with the reedings 
oriented randomly, parallel and at 45° to each other 
3.2.4. Wafer Stack Height 
Seven wafer stacks each with 3, 5 and 7 sheets were used to determine if the deformation 
would be affected by the number of sheets. All the stacks were tested at a constant speed of 
5 mm/min and the orientation of the reedings to each other was random. The resulting 
stress-strain curves are plotted in Figure 3.8. 
 
Figure 3.8 The stress-strain curves of different stack heights compressed at a speed of 5 mm/min 
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The elastic modulus and rupture stress corresponding to each different stack height are 
compared in Figure 3.9. The apparent elastic modulus increased with the number of sheets. 
The modulus value of 4.46 ± 0.64 MPa calculated for the stack of 5 wafers was similar to the 
values calculated in Section 3.2.3 in which the effect of the grid orientations was 
investigated. The rupture stress appeared to be independent of the stack size with an 
average value of 0.26 ± 0.04 MPa. Beyond initial fracture, a few more peaks were seen in the 
plateau region. The number of peaks corresponded to the number of wafer sheets in the 
stack. These peaks were attributed to the progressive stress build up and failure of each of 
the individual sheets in the stack. This was later confirmed by observing the in-situ 
compression of a stack on the scanning electron microscope in Section 4.4.6. The observed 
increase of elastic modulus with stack height was investigated and explained in Section 3.2.7. 
 
Figure 3.9 The a) compressive modulus and b) fracture stress of stacks with 3, 5 and 7 wafer sheets 
3.2.5. Testing Speeds 
Constant compression speeds within a range of four orders of magnitude were used to 
investigate the rate dependency of the wafer modulus. Stacks of 3 wafers were compressed 
at constant speeds of 1, 10, 100 and 1000 mm/min and repeated five times at each speed. 
The stress-strain response in Figure 3.10 was the same for all speeds except for those at 1000 
mm/min because the latter speed was too fast to acquire sufficient data points.  
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Figure 3.10 The stress-strain curves of samples tested at different speeds with stack sizes of 3 wafers 
An average modulus value of 3.30 ± 0.19 MPa was calculated and the stress at initial fracture 
was measured to be 0.28 ± 0.06 MPa. These values compared well with the 3.41 MPa and 
0.25 MPa obtained from the 3 sheets tests in Section 3.2.4 at 5 mm/min which focused on 
stack size. The results from the tests at 1, 10 and 100 mm/min are compared graphically in 
Figure 3.11. The differences in the apparent modulus values calculated for the 3 orders of 
speed were minimal, so it was assumed that the wafer was not a rate dependent material. 
This meant that a single wafer sheet could be compressed at a low speed to obtain a reliable 
deformation curve and thus the apparent modulus of the wafer sheet. 
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Figure 3.11 The a) compressive modulus and b) fracture stress of a 3 wafer stack compressed at 
speeds of 1, 10 and 100mm/min 
3.2.6. Single Wafer Sheet Compression 
The previous set of tests in Section 3.2.5 showed that the wafer deformation was 
independent of speed and thus it was possible to obtain the stress-strain curve (Figure 3.12) 
of a single wafer sheet if a low speed was used. A uniform speed of 1 mm/min ensured that 
enough data points were acquired to form a reliable plot and also minimised the risk of the 
compression plates contacting each other, which would damage the load cell. 
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Figure 3.12 The stress-strain curves of single wafer sheets 
Similar to the wafer stacks, there was an initial linear deformation followed by a jagged 
pattern in the stress. As expected, there was only one major peak in the plateau region since 
a single wafer sheet was being compressed. The apparent compressive modulus was 
calculated from fifteen individual wafer sheets to be 1.32 ± 0.17 MPa which was consistent 
with the trend of decreasing modulus with decreasing stack size. The average apparent stress 
at fracture was 0.17 ± 0.01 MPa. These properties, as well as the experimental stress-strain 
data, could then be input directly into the Crushable Foam material model of Abaqus in 
Section 6.2. Also, the foam material properties could be applied to the analytical models of 
Chapter 5 in order to obtain the material properties of the solid wafer. 
3.2.7. Investigation between the Wafer Stack Height and Apparent Modulus 
The results of Section 3.2.4 showed that there was a definite trend between the compression 
modulus and stack height. The fact that modulus was observed to increase with the stack 
height implied that this might be due to an unseen interaction in the empty space region 
between the reedings of adjacent wafer sheets. In theory, the modulus should not vary if 
samples are stacked on top of each other [92], so this phenomena observed with the wafer 
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was further investigated. Stacks of 3 wafers were prepared and rigid plates were placed 
between the wafer sheets to prevent any interaction between wafers. It was assumed that if 
the wafers were separated from each other, then the modulus of the stack would be the 
same as that of a single wafer sheet since the same stress would be experienced by each 
sheet in the stack. The samples were compressed at 5 mm/min and the stress-strain curves 
were compared to wafer stacks with no separating plates in Figure 3.13. 
 
Figure 3.13 The stress-strain curves of a stack of 3 wafers with and without separating plates 
The compressive modulus of the wafer stack with the separating plates was found to be 3.87 
MPa which was slightly more than the value of 3.17 MPa which was found for stacks with 3 
wafer sheets. These graphs showed a much steeper rise in stress at the end of the jagged 
plateau region for the wafer stack with the separating plates as compared to the normal 
wafer stack, since it was the rigid plates that were resisting the load after the cell walls of the 
wafer had been crushed. The results did not explain the relationship between the modulus 
and stack height. 
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In Section 3.2.4, it was assumed that the wafers fractured progressively however this 
assumption would not account for the increased modulus since there was no failure in the 
linear elastic region. It was further assumed that during the elastic region of the compression 
of the wafer stack, only the core of a single wafer sheet was being deformed while the other 
wafer sheets remained intact. If this assumption was true, then this meant that the 
undeformed wafer sheets acted as rigid bodies and thus the strain should be calculated using 
the original height of a single wafer sheet instead of the entire stack. This would explain why 
the rupture stress was independent of stack height since the calculation of the stress only 
required the sample diameter and not the sample height. The stress-strain curves of the 
stack with plates were re-analysed, focusing on the elastic region and using the height of a 
single wafer sheet to calculate the strain. Using the experimental data, this resulted in a 
compressive modulus of 1.29 MPa (as compared to 3.87 MPa when the height of the entire 
was used) which was quite close to the 1.32 MPa modulus value obtained from the 
compression experiments with a single sheet in Section 3.2.6. Thus the supposed increase of 
modulus with stack height in Section 3.2.4 was misunderstood and it was concluded that 
initial elastic deformation was due to a single wafer sheet within the stack. 
3.2.8. Square Wafer Sheet 
With the procurement of the Microtest on the SEM, it was possible to observe the 
compressive deformation of the wafer in-situ. Due to the scale and configuration of the 
Microtest device, it was only possible to test small specimens of square shape and at low 
speeds (<1 mm/min).  These tests were replicated on the Instron for verification purposes. 
Square sample sizes of lengths 2.5, 5.0, 7.5 and 12.5 mm were compressed uni-axially on the 
Instron. The scale of these sample sizes are better visualized in Figure 3.14, where it can be 
seen that the 12.5 mm sample has a grid of 5 reedings while the smallest sample possessed a 
single reeding in each direction. 
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Figure 3.14 Visualisation of the different sized square wafer sheets 
For each specimen size, at least seven samples were tested. The stress-strain curves were 
plotted in Figure 3.15 for each specimen dimension to determine the size of the wafer 
representative volume element (RVE). The 2.5mm sample was the smallest size square that 
could be used which would ensure that there was at least one reeding in each direction. 
Given the fragility of the wafer material, samples of this size were difficult to prepare and 
produced the most fluctuations in the deformation curves. Despite this, the trend in the 
deformation curves proved that a sample of 2.5 mm was the RVE. The deformation curves 
were similar for the different sizes thus suggesting that one “unit cell” was a sufficiently 
accurate representative of the entire wafer structure. 
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Figure 3.15 The stress-strain curves of square wafer samples of sizes 2.5, 5.0, 7.5 and 12.5 mm 
As before with the round specimens, the apparent modulus was calculated for the square 
specimens using the stress-strain graphs. The results for the elastic modulus and the rupture 
stress corresponding to the various specimen sizes are compared graphically in Figure 3.16. 
The values appeared to be independent of the specimen size and the average elastic 
modulus and fracture stress were calculated to be 4.32 ± 1.05 MPa and 0.38 ± 0.07 MPa 
respectively. The individual results for each of the different sized square specimens can be 
found in Table A1 of Appendix A. 
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Figure 3.16 The a) compressive modulus and b) fracture stress of square wafer sheets of sizes 2.5, 5.0, 
7.5 and 12.5 mm 
The 4.32 MPa compressive modulus value of the square sheets was much higher than the 
1.32 MPa value which was calculated for the single round wafer sheets. The wafer sheets 
provided by Nestlé were prepared by baking a batter which was sprayed in three strips along 
the baking plate. As a result, the baked wafer sheet possessed three distinctive strips as seen 
in Figure 3.17. In fact, the wafer team at Nestle PTC advised against testing samples which 
were prepared from the edges of the wafer sheet. The edges tended to be less baked than at 
the centre of the wafer sheet and this resulted in the edges being visibly lighter in colour 
than the rest of the sheet as seen in Figure 3.17. It was therefore plausible that different 
regions of the wafer might have different material properties relative to the sites of the initial 
batter. As a result, the larger circular samples of 40 mm diameter included wafer material 
which was at the site of the initial batter as well as between. However, the smaller square 
samples such as the 7.5 mm length samples were consistently prepared from the regions of 
the wafer sheet where the initial batter was first sprayed. The distribution of the material 
properties of the wafer throughout the entire wafer sheet was beyond the scope of this 
project. 
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Figure 3.17 The wafer sheet provided by Nestlé showing the regions where the batter was initially 
sprayed and the lighter coloured edges 
3.3. Three point bending 
3.3.1. Wafer beam dimensions 
The specimens for the bending tests were cut using a scalpel to the required dimensions. The 
dimensions of the specimens were chosen based on British standards and ASTM standards 
for three point bending tests of polymers. However, in each case the recommended 
specimen geometry could not be met due to the wafer thickness and the available rig 
supports radii being of a fixed value. The radius of the central loading nose was 10 mm while 
the radius of each support was 3 mm. Various specimen geometries which met specific 
dimension ratios were tested so as to find the geometry which gave the most consistent and 
reliable results. 
The ASTM D 5934–02 [84] standard for rigid plastics recommended using a rig with a loading 
nose radius and support radii of 3mm and 1mm respectively, which were roughly one-third 
the dimensions of the available rig. The ideal specimen was 20x6x2 mm in terms of span 
length, width and thickness respectively. However it was impossible to produce these 
specimens because firstly, the recommended thickness was less than wafer thickness of 2.3 
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mm and secondly, the recommended width of 6 mm was too narrow and the specimen broke 
each time during preparation. Scaling the length and width by a factor of 3, gave a specimen 
of length 60 mm and width 18 mm with the thickness being that of a single wafer. 
The BS EN ISO 178:2003 [94] for plastics recommended using a rig with a loading nose radius 
and support radii of 5mm and 2mm respectively. The preferred specimen was 80x10x4 mm 
in terms of span length, width and thickness respectively. Thus one specimen used was 
80x10mm while another was scaled by 1.5, due to the rig support radii, to give a specimen 
size of 120x15 mm. The standards suggested using a length to thickness ratio of 20 if the 
preferred specimen was not possible. Another suggestion was that the width of the specimen 
be 25 mm if the thickness was between 1 mm and 3 mm, thus the testing of a 100x25 mm 
wafer sample. 
All the bending tests were performed at a constant speed of 5 mm/min using a three point 
bending rig attached to the Instron 5543. An annotated schematic of the rig and the 
specimen is shown in Figure 3.18. The specimen was prepared to be longer than the span 
length and then carefully placed on the two supports so that the wafer sheet was aligned 
correctly. The single wafer sheet was loaded until total fracture. Specimens of different span 
lengths and widths were used with dimensions of 120x15 mm, 100x25 mm, 80x10 mm, 
60x18 mm and 60x6 mm. A single wafer sheet was used in each flexure test and thus the 
maximum thickness was 2.3 mm from top reeding to bottom reeding. 
  
Figure 3.18 The 3 point bending rig: a) schematic and b) actual setup 
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Based on the standard deviation of the gradients of the load-deflection plots in Figure 3.19, 
the specimens with span length of 120mm were most consistent and were used in all future 
bending experiments. The approximately straight line obtained until fracture indicated that 
the deformation was elastic in nature. The instantaneous drop in load as the wafer failed was 
evidence of brittle fracture. The stiffness gradients for each of the wafer beam dimensions 
can be found in Table A2 of Appendix A. 
 
Figure 3.19 The load-deflection curves for wafer beams of varying dimensions 
3.3.2. Testing speeds 
The wafer beams of length 120 mm gave the most reproducible load-deflection graphs and 
were used to determine the effect of the loading rate in flexure. Constant speeds of 1, 2 and 
5 mm/min were used. The load-deflection graphs for the different speeds were plotted in 
Figure 3.20 and compared. The rates had negligible effect on the stiffness and the fracture 
load. This was expected as the wafer was previously shown in Section 3.2.5 to be a rate 
independent material in compression tests. 
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Figure 3.20 The load-deflection curves for 120x15mm wafer beams tested at different speeds 
3.3.3. Apparent flexural modulus 
An apparent flexural modulus (Eflex) was calculated using simple beam theory, with the 
assumption that the wafer was a single homogeneous material. The span length (L) and 
width (b) of the wafer were measured before the test while the stiffness of the wafer beam 
was calculated from the gradient (F/δ) of the load-deflection graph. The thickness (d) of the 
wafer beam was measured two ways: the height between the top and bottom reedings of 
the wafer (dmax) and the height between the surfaces of the top and bottom flat sections of 
the wafer (dmin). These dimensions were determined from optical microscopy which is 
detailed in Section 4.2. The apparent flexural modulus was calculated using Equation 3.3. 
        
 
 
  
  
    
  (3.3) 
The apparent flexural modulii were calculated to be 981 MPa and 177 MPa for dmin and dmax 
respectively. The big difference in magnitude between the apparent moduli was due to the 
thicknesses term in the equation being cubed. These results showed the importance of the 
reedings in bending and thus the necessity of including the exact geometry of the wafer in 
MECHANICAL TESTING 
 
51 
 
the bending calculations. In both cases the apparent flexural modulus was 2 orders of 
magnitude larger than the compressive modulus of 1.32 MPa calculated in Section 3.3. It was 
hypothesised that the wafer comprised of a sandwich structure which would account for the 
large discrepancy between the magnitude of the compression and flexural modulus values. It 
was assumed that the skins were stiffer and more dominant than the core in bending, while 
the opposite was assumed in compression. The sandwich structure was verified using 
microscopy and is discussed in greater detail in Chapter 4.  
An analytical bending model which takes into account the non-uniform geometry and the 
sandwich structure of the wafer was developed and explained in Section 5.3. The apparent 
compressive modulus and the load-deflection data obtained from the bending experiments 
were fed into the analytical model which output individual values for the moduli of the wafer 
skin and wafer core. These values were found to be 1710 MPa and 1.0 MPa respectively. 
3.4. Blade Cutting 
3.4.1. Introduction 
Previously, a undergraduate research project investigated the blade cutting of the entire 
wafer book (alternating layers of wafer sheet and praline cream). [95] 
This current set of experiments was performed on wafer sheet specimens of size 25x25 mm. 
The sample was positioned vertically and fixed at its base. The blade penetrated the wafer, 
perpendicular to the wafer cross-section, at a constant speed of 1 mm/min. The primary 
motivation for these tests was to investigate how the relative position of the blade and the 
reeding affected the crack propagation of the wafer. The blade was positioned such that it 
cut through the wafer either along a reeding line or between two parallel reeding lines. The 
cutting path of the blade for each of the two scenarios is better visualised in the wafer 
diagram of Figure 3.21. 
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Figure 3.21 The cutting path of the blade along a reeding (pink) and between two reedings (blue) 
The blade cutting rig used for these experiments is shown in Figure 3.22b as well as an 
annotated diagram of the blade in Figure 3.22a, with its dimensions and highlighting the 
sharp edge and reversed (blunt) edge. The middle of the blade was modified by having the 
uniform section removed, leaving just the sharp edge which was done to minimize the effects 
of friction between the sides of the advancing blade and the wafer. The sharp edge of the 
blade was examined under the scanning electron microscope and the blade tip radius was 
measured to be 6μm. 
   
Figure 3.22 a) Diagram of the blade used in the cutting experiments and b) image of the cutting rig 
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3.4.2. Sharp edge 
The sharp edge of the blade was used to cut the wafer and was positioned either between 
reedings or along a reeding. The resulting load-displacement graphs are shown in Figure 
3.23.  
 
Figure 3.23 Load-displacement graph of a wafer cut a) along a reeding and b) between reedings using 
the sharp edge of the blade 
The cutting experiments along the reeding produced graphs with a rising load as the wafer 
was being penetrated by the blade. The load underwent a sudden drop as the crack 
propagated beyond the tip of the blade. The maximum load varied between 3-4 N with no 
steady state region and then rapidly decreased after the blade had penetrated 2-3 mm of the 
wafer. Visually, the crack was seen to propagate along the entire length of the reeding ahead 
of the blade and split the wafer into two parts as seen in Figure 3.26a. The cutting 
experiments between reedings produced similar load-displacement profiles to the specimens 
cut along the reeding. However, the crack path diverted towards a reeding and then 
propagated along the reeding. 
0
1
2
3
4
0 1 2 3 4 5 6 7 8 9 10
Fo
rc
e
 (N
)
Displacement (mm)
Along reeding
Between reedings
MECHANICAL TESTING 
 
54 
 
3.4.3. Blunt edge 
The reversed edge of the blade (blunt edge) was used to cut the wafer and was positioned 
either along a reeding or between reedings. The resulting load-displacement graphs are 
shown in Figure 3.24.  
 
Figure 3.24 Load-displacement graph of a wafer cut a) along a reeding and b) between reedings using 
the blunt edge of the blade 
The cutting experiments along the reeding produced graphs such as Figure 3.24a with a 
fluctuating load between 3-9 N as the wafer was being penetrated by the blade. There was 
no crack propagation ahead of the cutting path of the blade.  
The cutting experiments between reedings produced graphs such as Figure 3.24b with two 
distinct regions as the wafer was being penetrated by the blade. The first region had an 
increase in load to 10-12 N followed by a decrease and corresponded to when the blade was 
penetrating the reeding which was perpendicular to the cutting path. The second region was 
at a relatively constant, but lower load of 1 N and corresponded to when the blade was 
penetrating the flat section of the wafer. This section of the wafer was of uniform thickness 
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and also the thinnest part of the cross-section which accounted for the steady state and 
smaller magnitude of the load. The load then steadily increased as the blade encountered 
another perpendicular reeding line. The load-displacement pattern was replicated as the 
blade cut through the reedings and flat sections of the wafer. As before, there was no crack 
propagation ahead of the cutting path of the blade. The cut wafer can be seen in Figure 
3.26b. 
3.4.4. Wire 
Wire cutting of foods such as cheese and gels has been reported in literature [32, 33]. The 
same technique was also applied to wafer cutting. The wire-cutting rig was similar to the 
blade-cutting rig, with the blade being replaced by a taut wire of diameter 0.3 mm. As with 
the blade cutting experiments, the crosshead speed was 1mm/min. The resulting load-
displacement graphs are shown in Figure 3.25. 
 
Figure 3.25 Load-displacement graph of a wafer cut using a wire 
The deformation plot produced a jig-saw pattern for the entire period of cutting. The peaks 
occurred at 3-6 N and then the load dropped to 0 N. As the force increased, the wire was 
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seen to be bending due to the resistance met by the wafer. As the wire broke through the 
cell walls, the load dropped and then built up again as the wire contacted the wafer. Despite 
the non-steady load during the cutting process, there was no crack propagation ahead of the 
wire as shown in Figure 3.26c. 
 
Figure 3.26 Wafer cut with a) sharp edge of blade, b) blunt edge of blade, c) wire 
Using the sharp edge of the blade did not allow the crack propagation to be controlled 
whereas the damage ahead of the blade tip could be managed when the blunt edge was 
used. The downside to using the blunt edge was that this resulted in more wastage in the 
wafer material. Wire cutting produced a non-steady state deformation graph but the wafer 
did not fracture ahead of the wire and also resulted in less material wastage than the blunt 
edge of the blade. These experiments showed that using a wire could be an efficient method 
of cutting the wafer in the future. 
3.5. Summary 
Uni-axial compression tests were performed on stacks of circular wafer sheets. The stress-
strain curves indicated that the wafer was a brittle foam. From the stress-strain curves, the 
gradient of the elastic region was calculated to find the apparent compressive modulus of the 
wafer and the stress at the end of this region was measured to obtain the fracture stress. The 
compression speed had no noticeable effect on the deformation indicating that the wafer 
was a rate independent material. A single wafer sheet was compressed and the compressive 
modulus was found to be 1.32 MPa with a fracture stress of 0.34 MPa. Smaller square wafer 
sheets were compressed to determine the representative volume element of the wafer 
(b) (a) (c) 
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necessary for in-situ SEM and XMT testing, as well as finite element modelling. The RVE was 
determined to be 2.5x2.5 mm which included one reeding in each direction. 
Three point bending of wafer sheet beam specimens were tested using different dimensions 
and at different speeds. As with the compression, the wafer sheet deformation in bending 
was independent of speed. The apparent flexural modulus was estimated from the load-
deflection data and by assuming that the height of the beam was the maximum distance 
between the top and bottom reedings of the wafer. The maximum flexural modulus was 
calculated to be 981 MPa which was three orders of magnitude larger than the compressive 
modulus. The large discrepancy between the two values indicated that the wafer was a 
sandwich structure with two stiff outer skins and a weaker foam core. 
Cutting experiments were performed on square wafer sheet specimens to determine how 
the relative position of the reeding and the blade influence the fracture of the wafer. When 
the sharp edge of the blade penetrated the wafer, the crack propagated ahead of the blade 
tip along the reeding, splitting the specimen into two parts. When the blunt edge of the 
blade was used, there was no crack propagation ahead of the blade regardless of whether 
the wafer was cut along a reeding or between two reedings. The wafer was also tested using 
wire-cutting which produced a sawtooth load-displacement profile with no fracture 
propagation ahead of the wire. Since the crack path of the wafer could be controlled, this 
method of cutting shows great potential to be applied in the future. 
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4. Microstructure 
4.1. Introduction 
A number of experimental and imaging techniques were employed to qualitatively and 
quantitatively describe the microstructure of the wafer. The porosity of the wafer was 
measured using gas and solid displacement methods. Optical light and scanning electron 
microscopy facilitated the measurement of the external and internal wafer dimensions. The 
images obtained from the microscopy confirmed the cellular structure of the wafer and also 
showed that the wafer porosity was not uniformly distributed. An X-ray tomography scan 
produced an image stack which was analysed with the image reconstruction software Avizo 
to generate a 3D virtual wafer. The 3D volume was then used to map the porosity 
distribution throughout the wafer and to create a tetrahedral mesh suitable for numerical 
modelling. In-situ SEM and XMT mechanical tests were conducted to examine and identify 
the deformation mechanisms of the wafer microstructure. 
4.2. Density Measurements 
The density of the foam can be expressed in two ways: the bulk density of the entire foam 
and the solid density which is the density of the foam cell wall material. The former is 
measured using the solid displacement technique while the latter employs helium 
pycnometry. Using these two density values, the relative density (bulk density/solid density) 
as well as the porous volume fraction of the wafer can be determined as explained in this 
section. 
4.2.1. Solid Density with Helium Pycnometry 
The skeletal density of the wafer was found using helium pycnometry [97]. The device used 
was a Micromeritics AccuPyc 1330 in the Chemical Engineering Department which works by 
measuring the volume of displaced gas. The wafer specimen was weighed and placed in the 
sample chamber which was then sealed and filled with helium gas. Gas molecules rapidly fill 
the tiniest pores of the sample so that only the truly solid phase of the sample displaces the 
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gas. A wafer sample of unknown volume Vx was placed in a sealed chamber of volume Vs and 
pressure Ps while an isolated reference chamber had a volume Vr and pressure Pr. A valve 
connecting the two chambers was then opened allowing the pressure to equilibrate in both 
chambers to Psys. By equating the system before and after equilibration, the volume of the 
sample could be determined using Equation 4.1. The derivation of this equation can be found 
in Appendix B1. 
    
                             
        
 (4.1) 
The density was calculated using the sample volume and the previously measured mass of 
the specimen. The helium was then vented from the pycnometer and the entire process was 
repeated nine more times in order to obtain a statistically reliable of result. A schematic of 
the helium pycnometry process is shown in Figure 4.1. 
 
Figure 4.1 Schematic of the helium pcynometry process. 
The average solid volume from the ten separate trials was found to be 0.5845 cm3. The wafer 
mass was measured both before and after the pcynometry and was found to be 0.6548 g and 
0.6545 g respectively. This 0.05% change in mass can be attributed towards moisture loss of 
the wafer specimen, which tends to occur during gas pycnometry. Using these measured 
values for volume and mass, the solid density (ρsolid) was easily calculated to be 1.120 g/cm
3. 
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4.2.2. Bulk Density with Glass Beads 
The bulk density of the wafer sheet (ρw) was measured by the solid displacement technique 
using spheriglass beads of diameter 0.35 mm. The beads were first placed into a beaker in 
order to determine the density of the beads (ρb) by measuring the mass (mb) and volume. 
The mass was measured using a scale while the volume was read off from the graduations on 
the beaker. The beaker was then emptied and pieces of wafer sheet were placed in the 
empty beaker and weighed (mw). It was then filled with the glass beads and the mass of the 
system was measured (mt). The volume of the system (Vt) was measured based on the 
graduations on the beaker. The individual steps of the procedure are simplified in Figure 4.2. 
 
Figure 4.2 Process of the bulk density measurement 
After all the measurements were taken and repeated twice, the bulk density of the wafer 
sheet was then calculated using Equation 4.2. The derivation of this equation can be found in 
Appendix B2. 
 
         
  
    
       
  
 
(4.2) 
The average bulk density was found to be 0.320 g/cm3. Using the bulk and solid values of 
densities obtained, the porous volume fraction, ε, was calculated using Equation 4.3.  
     
     
      
 (4.3) 
The porosity was calculated to be 0.714. The relative density of the wafer (ρbulk/ρsolid) was 
calculated to be 0.286, which is within the accepted range, 0.05 – 0.3, of foam materials [12]. 
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4.3. Optical microscopy 
4.3.1. Microstructure of Wafer Cross-section 
The wafer sheet was viewed under an optical microscope to examine the internal makeup of 
the wafer. Samples were prepared and clamped vertically under the microscope so that the 
cross-section of the wafer was in focus. The samples were cut such that the reedings could 
clearly be seen. Figure 4.3 shows the cross-sectional image of the wafer obtained from the 
optical microscope. 
 
Figure 4.3 Optical micrograph of the cross-section of the wafer 
The cellular nature of the wafer was visually confirmed, though this structure appeared to be 
confined to the middle of the wafer. This region contained large pores with very little wafer 
material visible. The porous section was designated as the “core” of the wafer. Most of the 
wafer material accumulated at the edges of the cross-section making it much denser than 
the core. These two boundaries of the wafer were defined as the wafer “skins”. The skin and 
core regions are outlined in Figure 4.4. 
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Figure 4.4 Skin and core regions of the wafer cross section 
Image analysis was performed in order to determine specific dimensions of the wafer. These 
included the core thickness, skin thickness, reeding height and reeding-to-reeding length. The 
size of the large pores could be measured using the micrographs however the clarity was not 
suitable to analyse the less porous sections. The 3-dimensional cellular nature of the wafer 
meant that it was not possible to have the entire image in focus using light microscopy and 
thus the deeper parts of the core appeared blurred while the skins were considerably 
sharper. The average measured dimensions are summarised in the annotated diagram of 
Figure 4.5. 
 
Figure 4.5 Dimensions of the wafer cross-section based on the optical images 
Skin 
Core 
Skin 
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4.4. Scanning Electron Microscopy (SEM) 
4.4.1. SEM Method and Sample Preparation 
The scanning electron microscope produces superior images to those of an optical 
microscope with a higher resolution and greater depth of field. A Hitachi S-3400 SEM in the 
Mechanical Engineering department was used to observe the wafer microstructure. The SEM 
operated at an accelerating voltage of 15 kV in the secondary electron mode under a vacuum 
pressure of less than 1 kPa. Wafer specimens were coated with a thin layer of gold to obtain 
a conductive surface so that high quality images could be obtained.  
4.4.2. Microstructure of Wafer Cross-section 
The wafer microstructure was observed under the scanning electron microscope.  A cross-
section of the wafer was viewed and measurements of different features were recorded. The 
images produced on the SEM such as Figure 4.6 were of a considerably higher quality and 
greater depth of field than those obtained from the optical microscope. 
 
Figure 4.6 Scanning electron micrograph of the cross-section of the wafer 
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The wafer core and skins were distinct regions from each other and are highlighted in Figure 
4.7. The dense skins appeared to follow the contours of the reedings and possessed small 
pores. This was different from the optical micrographs in which the core was assumed to be 
of uniform thickness. The SEM images instead showed that it was the skin that was of 
constant thickness and followed the shape of the reedings while the core had a variable 
thickness which was dependent on its position relative to the reeding. The core of the wafer 
had much larger pores which were closed cell in nature. 
 
Figure 4.7 Skin and core regions of the wafer cross section 
The thickness of the skin was measured to be 0.21 mm while the core varied between 0.74 
mm at the flat sections and 1.68 mm at the reedings. The distance between adjacent 
reedings was measured to be 2.6 mm and the length of the square between reedings was 1.5 
mm. These macroscopic dimensions are better visualized on the schematic of Figure 4.8. One 
feature of the wafer that was more apparent from the SEM images, was the curved shape of 
the reeding peaks as compared to the sharp peaks assumed from the optical micrographs. 
The reeding-to-reeding height as measured from the SEM image was 2.1 mm which was 0.2 
mm less than that measured from the optical image. This variation arose due to the curved, 
Skin 
 
Core 
 
Skin 
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as opposed to sharp, reeding tops as well as the smaller core thickness. There was no logical 
reason why the core thickness was smaller, though it could be because the optical 
micrography was done earlier in the project using an earlier batch of wafers provided by 
Nestlé. 
 
Figure 4.8 Dimensions of the wafer cross-section based on the SEM image 
The higher quality images obtained from the SEM meant it was easier to characterise the 
microstructure of the wafer in terms of pore sizes and skin wall thickness. The pores within 
the core varied in diameter between 0.5 – 1.1 mm. It was also observed that the pores on the 
larger side of the spectrum tended to be located at the centre of the core while the smaller 
pores were closer to the skin regions. While the majority of the cells were closed in nature, 
there were a few which looked open and were interconnected to neighbouring cells. These 
tended to occur amongst the largest cells where the cell walls were thinnest. The cell wall 
thickness within the core was very thin closer to the centre of the core and varied between 5 
– 25 µm. Figure 4.9a shows a very magnified region of the core in which the variation of the 
wall thickness can be seen. At this level of magnification, micropores were observed to exist 
within the solid material of the wafer. Due to their small size, they were ignored in this 
project and the solid wafer material was assumed to be homogenous. The pores located 
within the skins were all closed in nature and separated from each other by very thick walls, 
which gave the skins their dense appearance as seen in Figure 4.9b and circled in red. The 
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cells themselves were much smaller than within the core and varied in size between 0.05 – 
0.15 mm. 
 
Figure 4.9 Magnified region of the a) wafer core and b) wafer skin 
SEM images were also taken of the surface of the wafer which thus showed the skin with its 
grid of reedings. Some wafer samples possessed imperfectly formed reedings as seen in 
Figure 4.10a. For these particular reedings, a single large pore spanned almost the entire 
length between parallel lines of reedings and circled in red. They were most likely formed as 
the wafer was removed from the baking plates. The square surface between adjacent 
reedings was not smooth and contours could be seen in Figure 4.10b which indicated slight 
variations in the skin topography. Small pores were visible throughout the entire surface of 
the skin and varied in size between 20 – 60 µm.  
25 µm 
5 µm 
(b) (a) 
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Figure 4.10 Scanning electron micrograph of the surface of the wafer showing a) the large pores on 
some reedings and b) the contours and micropores on the wafer surface 
4.4.3. In-situ SEM Tests (Microtest) 
The Deben Microtest module was designed to be mounted within the scanning electron 
microscope to perform in-situ mechanical testing. The rig allowed tensile, compression, 
bending and if modified appropriately, blade cutting tests. Testing could be performed at 
constant speeds between the range of 0.1 – 1.5 mm/min with a load cell capacity of 300 N. 
The Deben Microtest V5.2 software had two powerful capabilities: the ability to plot a load-
displacement graph of the deformation and record a video of the deformation displayed by 
the SEM visualisation. The resulting graph and video were synchronised such that the video 
frame at any time during the deformation could be pinpointed on the plot. 
The set up of the Microtest rig was such that it allowed horizontal testing. This meant that in 
the case of compression and bending, the cross-section of the wafer was in the field of view 
of the SEM lens. A schematic of the Microtest rig is shown in Figure 4.11. 
(b) (a) 
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Figure 4.11 The Microtest rig for a compression test a) Schematic and b) actual rig 
4.4.4. In-situ SEM Compression 
In-situ compression experiments were performed on the SEM so that the actual deformation 
could be observed within the microstructure of the wafer. Square specimens of 7.5mm 
length (3 lines of reedings) were prepared and placed between two rigid plates on the 
Microtest rig. The rate of compression was 1 mm/min and the specimen was crushed well 
into the densification region. Figure 4.12 shows the micrographs of the wafer deformation at 
0.05 intervals of compressive strain for one of the samples. 
Compression 
plate 
Wafer 
specimen 
Compression 
plate 
(b) (a) 
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Figure 4.12 In-situ SEM snapshots of the wafer sheet at different stages of the compression 
As the wafer was compressed, a synchronised load-displacement graph was plotted and thus 
the distinct regions of the foam compression graph could be seen in terms of the material 
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structure. Figure 4.13 shows the stress-strain graph of the in-situ wafer compression and the 
15 labeled points indicate the snapshots in Figure 4.12. 
 
Figure 4.13 Stress-strain curve of one of the in-situ SEM compression wafer sheets 
In the linear elastic region (1-3) it was difficult to see any cell wall bending, but beyond the 
apparent fracture point (4), cracks were visibly propagating along the cell walls. In some 
experiments, there was no visible damage despite the deformation plot indicating that the 
fracture point had been reached. This was most probably because cell wall fracture was 
occurring somewhere within the structure that was not observable on the 2D plane of sight. 
Within the plateau region (5-12), cell walls fractured and progressively collapsed. The pores 
diminished in size and broken off bits of material filled the voids. Cracks propagated to the 
skins and they eventually failed along the reeding lines. The densification stage (13-16) began 
at this stage as the wafer material was being fully compacted. As predicted, the initial 
fracture occurred within the cell walls of the core while the skins remained undamaged until 
the core had fully collapsed. 
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4.4.5. Effect of the Vacuum Conditions on the Deformation 
Compression experiments were performed with the Instron on 7.5 x 7.5mm wafer specimens 
to ensure that the load-displacement output from the Microtest was accurate. The 
deformation plots of a single specimen with the Microtest and the Instron were compared in 
Figure 4.14.  
 
Figure 4.14 Stress-strain compression graphs from the Instron and Microtest under vacuum 
Upon inspection it was clear that the graphs from the Instron and Microtest followed two 
distinctive trends. The linear regions possessed similar gradients, however the stress at initial 
fracture was lower for the in-situ SEM tests. This reduction in stress was also observed in the 
plateau and densification region. The discrepancy in the stresses was investigated by 
performing compression experiments with the Microtest, but this time without a vacuum 
imposed within the SEM chamber. The output from these tests was compared to the Instron 
graphs and the original Microtest graphs performed under vacuum conditions. These are all 
plotted in Figure 4.15 and show that the Microtest graphs corresponding to atmospheric 
pressure conditions possessed higher stresses than the graphs under vacuum conditions. In 
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addition, the atmospheric pressure graphs bore close resemblance to those obtained from 
the Instron experiments. This was definitive proof that the vacuum influenced the stresses 
required for the fracture of the wafer. 
 
Figure 4.15 Stress-strain compression graphs from the Instron and Microtest with and without 
vacuum 
The Microtest vacuumed graphs were the same shape as the Instron and Microtest non-
vacuumed graphs except that the stress was shifted by approximately 0.1 MPa. This value 
was significant since it corresponds to atmospheric pressure which would not be present in 
the vacuum of the SEM chamber. Gibson & Ashby analytical equations for foams [12] do 
include the pressure of the fluid within the cells but assume that its effect is negligible if the 
fluid is air. However in the case of the wafer, the air has a noticeable effect on the 
deformation since the wafer fractures at very low stresses, comparable to atmospheric 
pressure. Although the stresses at significant points in the deformation were decreased due 
to the vacuum, the global strains remained relatively unchanged. Thus the videos obtained 
from the SEM could still be used to analyse the wafer deformation. 
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4.4.6. In-situ SEM Compression of a Stack 
During the compression testing of wafer stacks in Chapter 3.2, it was observed that the 
plateau section of the stress-strain curves produced jagged peaks which appeared to be 
proportional to the number of wafer sheets in the stack. This effect was investigated by 
performing an in-situ compression test on a stack of square wafer specimens. Due to the 
dimensions of the Microtest rig, it was only possible to fit a stack of two wafers between the 
compression plates. As with the previous set of tests, the compression speed was 1 mm/min. 
Figure 4.16 shows a representative stress-strain curve and the numbered points on the curve 
correspond to the micrographs in Figure 4.17 which were obtained from the in-situ video. 
 
Figure 4.16 Stress-strain curve of one of the in-situ SEM compression wafer stacks 
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Figure 4.17 In-situ SEM snapshots of the wafer stack at different stages of the compression 
As expected, the stress-strain curve produced two peaks before entering the densification 
stage although the first drop in stress (3) was more distinct than the second drop (10). The 
scanning electron micrographs showed no fracture during the linear elastic region (1-2). The 
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first peak on the stress-strain curve corresponded to the lower wafer being fractured. After 
the initial fracture of the bottom wafer sheet (3), this wafer sheet continued crushing (4-9) 
while the other wafer sheet remained perfectly intact. The second wafer sheet eventually 
fractured (10) and its core was crushed (10-12) before total densification of the entire stack 
occurred (13-15). 
The analysis of the video recording of the deformation and its synchronized stress-strain 
curve showed that the wafer sheets in a compression stack were damaged progressively, 
validating this assumption which was initially made in Chapter 3.2.4, and thus proved that 
the major peaks in the deformation curves were related to the number of sheets in a stack. 
4.4.7. In-situ SEM Three Point Bending 
The Microtest possessed 3-point and 4-point bending rigs for in-situ testing within the SEM. 
The span length between the supports was 25mm which meant that it was impossible to 
produce wafer specimens which would conform to the dimensional standards for beams. 
Despite this, wafer specimens of span length 25mm and width of 7.5mm were used to 
observe the microstructural deformation in bending. The load-deflection data was recorded 
and plotted in Figure 4.18, but not subjected to a bending analysis to calculate the flexural 
modulus. 
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Figure 4.18 Load-deflection curve of in-situ SEM 3 point bending wafer specimen 
The fracture of the wafer in flexure occurred rapidly, so these tests were performed at the 
slowest speed of 0.1 mm/min in order to capture sufficient images of the fracture process. 
Images of the wafer at the central loading point (point of maximum bending moment) at 
different stages of flexure are shown in Figure 4.19. They correspond to the four labelled 
points on the load-displacement curve of Figure 4.18. 
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Figure 4.19 In-situ SEM snapshots of the wafer at different stages of the bending 
Very little deformation was observed as the load was initially increased (1-2). Then there was 
a rapid drop in the load (3) indicating that the wafer specimen had fractured. Upon 
inspection of the wafer microstructure, it could be seen that the initial fracture occurred on 
the lower skin which was in tension (2). The crack, which is circled in red, then quickly 
propagated through the core to the upper skin (3-4) which was in contact with the central 
deflector of the rig. Unlike the compression experiments, the core was not the first region to 
fail. The in-situ SEM images proved that in flexure, the wafer skins were more dominant than 
the core at resisting the load. 
4.4.8. In-situ SEM Blade Cutting 
The Microtest rig was modified and fitted with a sharp blade to perform a cutting test. Due to 
the configuration of the rig, the blade and the lens, it was only possible to view the wafer’s 
surface. This allowed the crack propagation along the surface to be observed and analysed, 
but the obvious drawback was that it was not possible to see the damage occurring within 
1 2 
4 3 
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the core of the wafer. Wafer specimens of length 25mm and width 12.5mm were used for 
these cutting experiments. The sharp edge of the blade was used and positioned either along 
a reeding or between two reedings. The tests were done at a constant speed of 1 mm/min 
and as with in-situ compression, a synchronised load-displacement graph was plotted as the 
blade moved through the wafer. 
Four different types of cutting setups were used, corresponding to a different blade position 
relative to the reedings and are visualised in Figure 4.20. The blade was positioned to cut 
either along a reeding (a & c) or between two reedings (b & d). The specimens were made 
such that the leading edge was either a reeding (a & b) or between reedings (c & d).  
 
Figure 4.20 The blade with first contact a)at a reeding and cuts along a reeding b)at a reeding and cuts 
between reedings c)between reedings and cuts along a reeding d)between reedings and cuts 
between reedings 
For the specimens which were cut along the reeding, the videos (Figure 4.21) showed that 
shortly after the blade penetrated the wafer, the crack would propagate along the reeding 
and then across another reeding which was at 90° to the cutting direction.  
(b) (a) (c) (d) 
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Figure 4.21 In-situ SEM snapshots of the wafer being cut along a reeding (Figure 4.20a) 
For the specimens which were cut between reedings, the videos (Figure 4.22) showed that 
shortly after the blade penetrated the wafer, the crack would propagate along the flat 
section towards a reeding. In some cases the fracture path of the crack was not gridlike and 
instead headed towards the large pores on the skin surface. 
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Figure 4.22 In-situ SEM snapshots of the wafer being cut between reedings (Figure 4.20b) 
The load-displacement graphs produced by the cutting experiments shown in Figure 4.21 and 
Figure 4.22 are plotted in Figure 4.23. The specimens which were cut using configuration a) 
and b) showed a rising load until the point at which the crack began propagating ahead of the 
blade tip (Figure 4.21(4) and Figure 4.22(5)). The load-displacement graphs produced by the 
experimental setup c) and d) in Figure 4.20 are shown in Figure 4.24. It was expected that the 
load-displacement profiles for the wafer cut along the reedings (a and c) would be quite 
similar, however there were no noticeable trends. In every cutting experiment, spalling of the 
wafer occurred. This phenomenon was previously reported in a previous cutting investigation 
[95] of the wafer book and indicated that the blade was too close to the boundary edges of 
the wafer sample. 
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Figure 4.23 Load-displacement plots for in-situ blade cutting with configurations a) and b) 
 
Figure 4.24 Load-displacement plots for in-situ blade cutting with configurations c) and d) 
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4.5. X-ray Micro Tomography (XMT) 
4.5.1. XMT Method 
The experimental implementation for X-ray micro tomography requires an X-ray source, a 
rotation stage and a radioscopic detector as shown in Figure 4.25. A complete analysis is 
made by acquiring a large number of X-ray absorption radiographs of the same sample under 
different viewing angles (one orientation for each radiograph). A final computed 
reconstruction step is required to produce a three dimensional map of the local absorption 
coefficients in the material which gives a picture of the structure at the scale of the 
resolution of the setup used. 
 
Figure 4.25 Schematic of the X-ray micro tomography setup [46] 
A Phoenix X-ray v|tome|x computerized tomography system in the Materials Department of 
Imperial College was used to scan the wafer. The stack of image slices produced was then 
used to generate a 3D volume of the wafer microstructure using the Avizo software [98]. 
With this virtual wafer, it was possible to accurately characterise the microstructure, 
determine the porous volume fraction and create a meshed volume suitable for quantitative 
finite element analysis. The steps of the progression from the XMT scan to the final meshed 
geometry are mapped out in Figure 4.26 and described in detail in the following sections. 
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Figure 4.26 Flowchart of the process to obtain an FE mesh from an XMT scan 
4.5.2. Image Slices Enhancement 
The raw data from the XMT scan was generated in the form of a .vol file which contained 
each of the reconstructed image slices. In total there were 512 images, each 720 x 734 pixels 
with a resolution of 5 µm per voxel. The raw images (Figure 4.27a) had a poor contrast and it 
was difficult to distinguish the wafer material from the background. It was thus necessary to 
enhance the slices (Figure 4.27b) using image analysis tools. ImageJ was selected for this 
purpose. The slices were cropped so that only the volume of interest was analysed.  
 
Figure 4.27 Image stack of a) the raw data and b) the enhanced images 
The brightness and contrast of the stack of images were adjusted so that the wafer material 
was more visible. The drawback of doing this was that the background noise in the images 
was also enhanced. A noise filter was implemented which removed outlying pixels based on 
their size and threshold level. This cleaned the image without losing too much vital data of 
the pixels belonging to the wafer. It was not essential to binarise (convert to black and white) 
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the images because it was only necessary to make the wafer material distinct from the 
background.  
4.5.3. 3D Volume Reconstruction and Mesh Generation 
The image stack was imported into Avizo to begin the 3D volume reconstruction. The first 
step was to segment each slice which meant labelling every voxel which represented the 
wafer material as highlighted in Figure 4.28. A number of segmentation tools were available 
including a brush for painting, a lasso for contouring and a magic wand. The magic wand tool 
was the most useful for labelling since it selected neighbouring pixels around the original 
selected pixel based on the threshold level. 
 
Figure 4.28 a) Original image slice b) Labelled image slice 
The labelled pixels of a single image slice were interpolated through all the slices which 
generated the voxels of the volume. A dilation filter was applied because the boundary 
between the material and air was not always highlighted by the magic wand. Care had to be 
taken when using the dilation filter, otherwise the thin cell walls would become too thick and 
thus not representing the true architecture. Conversely, too little dilation would result in 
unconnected regions and floating particles. Figure 4.29 shows examples of 3D generated 
volumes at different levels of dilation. 
(b) (a) 
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Figure 4.29 3D volume with a) too little dilation, b) acceptable dilation and c) too much dilation 
After the voxels were all labelled and a 3D volume of the wafer was generated (Figure 4.30a), 
the next step was to produce a surface consisting of triangular faces (Figure 4.30b). Avizo 
automatically produced a very refined surface which then needed to be simplified before a 
mesh could be generated. The number of faces was reduced and length of triangles was 
controlled to produce a respectable mesh while preserving the architecture of the wafer. 
Intersecting and wrongly oriented triangles were often present and needed to be removed 
manually before the final step of generating a grid of tetrahedra. Intersecting triangles on the 
surface were repaired manually using a combination of operations which included flipping, 
collapsing and bisecting of the triangle edges. The orientation of some triangles was 
sometimes inconsistent which resulted in the partial overlap of the materials bounded by the 
triangles. The same operations used to overcome the intersecting triangles were used to fix 
the wrongly oriented triangles. Avizo would not permit a grid to be generated until there 
were no wrongly oriented and intersecting triangles present. Once the surface passed these 
checks, it was then possible to compute the tetrahedral grid using a marching cubes 
algorithm [99]. The meshed grid was then saved as an .ascii file which contained the node co-
ordinates and element numbers. The nodes and elements could then be exported to an 
Abaqus input file for performing the finite element analysis. 
(b) (a) (c) 
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Figure 4.30 a) the 3D volume generated from the labelled voxels and b) the triangular surface grid of 
a representative volume element of the wafer 
4.5.4. 3D Microstructural Analysis 
The porosity of the wafer could be determined using the data from the XMT scan. After the 
segmentation process was performed on Avizo, the total number of labelled voxels was 
counted which represented the solid volume of the wafer (Figure 4.31a). The images were 
labelled again, this time filling all the holes which created a volume with no pores. These 
voxels represented the bulk volume of the wafer. The ratio of the solid and bulk volume 
voxels gave the porosity of the wafer which was 0.735. This value was close to the 
experimentally obtained value of 0.714 in Section 4.1.2. 
(b) (a) 
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Figure 4.31 a) The solid wafer volume and b) the segmented skin (blue) and core (red) regions 
One advantage of measuring the relative density using imaging techniques over experimental 
methods was that it was a non-destructive technique. This meant that the porosity of the 
wafer skin and core could each be determined without having to physically separate the two 
regions. Given the brittle nature of the material, the geometry of the wafer and small scale of 
the sample, it would be difficult to actually produce separate skin and core specimens. 
However, this hurdle could be overcome virtually using image analysis. The skin and core 
regions were segmented individually as highlighted in Figure 4.31b. Using the labelling 
method described above, the porosity of the skin and core was found to be 0.4 and 0.85 
respectively. These values conformed to the range of values for porous solids (< 0.7) and 
cellular foams (0.7 – 0.95) respectively [12]. 
The porosity distribution throughout the RVE wafer was also mapped using the Avizo 
software. Figure 4.32 shows how the relative density (porosity = 1 – relative density) varies at 
different sections of the wafer thickness. As expected, the regions containing the skins were 
considerably denser than the core region. At the very centre of the core, the wafer was most 
cellular in nature with porosities of over 90% (relative density = 0.1) being measured. Closer 
to the predefined skin-core boundary, the porosity of the core increased to near 75% 
(relative density = 0.25). 
(b) (a) 
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Figure 4.32 The relative density distribution throughout a representative volume element wafer 
Another advantage of the XMT scans over the SEM images was that the volume of pores 
could be measured as compared to the pore diameter. This was done by labelling voxels 
which belong to pores as compared to before when the cell wall voxels of the wafer were 
labelled. Within the skins of the wafer the pore volumes varied between 0.0008-0.016 mm3. 
However, the interconnectivity between some cell walls in the core made this a tedious task 
and further characterisation of the pore volumes in the core was abandoned. 
4.5.5. In-situ XMT Compression 
An interrupted compression test was done within the XMT machine so that the deformation 
could be observed on a three dimensional level. A single wafer sheet of size 7.5 x 7.5 mm was 
compressed at small increments of displacement. At every stage of displacement, the sample 
was scanned producing a total of six image stacks inclusive of the undeformed state. Figure 
4.33 and Figure 4.34 show XMT image slices at two different cross-sections of the wafer 
sample at the different stages of the in-situ compression. At the final scan, the sample was 
strained at a value of 20%, which suggested that the wafer had fractured based on the 
compression stress-strain curves of Section 3.2.8.  
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Figure 4.33 2D XMT images at strains of 0, 0.018, 0.036, 0.091, 0.164 and 0.209 
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Figure 4.34 2D XMT images at strains of 0, 0.018, 0.036, 0.091, 0.164 and 0.209 
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The individual image cross-sections at different locations were compared with each other to 
see how the internal microstructure changed during the deformation. There was no 
noticeable damage occurring within the first two increments of displacement. Evidence of 
broken cell walls was first seen in the fourth scan, at a strain of 0.091. Some of these cells 
walls are circled in Figure 4.33 and Figure 4.34. In the final two scans, cell walls within the 
core were collapsing and interacting with each other indicating that the deformation was 
now within the plateau region. 
The in-situ XMT compression was static and thus a continuous deformation plot could not be 
obtained. However at each increment of displacement, the load was recorded on the load 
cell. At these specific increments of global strain, the stresses were calculated and the values 
were plotted in Figure 4.35 against the experimental stress-strain curves obtained in Section 
3.2.7. The image slices visually confirmed the different stages of compression (elastic and 
plateau) that were interpreted from the deformation curve. 
 
Figure 4.35 The 6 stages of the in-situ XMT compression plotted onto a load displacement graph 
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A small region of the wafer was reconstructed in 3D for each of the XMT scans as seen in 
Figure 4.36. The volume analysed was the square region between reedings which possessed 
two flat skins and a core. Throughout the compression, the skins remained intact with all of 
the damage occurring within the core. The overall relative density remained relatively 
unchanged (< 3%) between the initial state and the second increment of displacement (ε = 
0.036). A 9% increase in the relative density was calculated for the fourth scan (ε = 0.091) in 
which fracture was first observed. As the cell walls of the core collapsed in the final 2 scans, 
the relative density increased by more than 25% of its initial value. 
 
Figure 4.36 3D section of the wafer at strains of 0, 0.018, 0.036, 0.091, 0.164 and 0.209 
As was done previously, the skin and core regions were labelled individually for this small 
region of the wafer. For each increment of displacement, the relative density of the skin and 
core regions were calculated. Both the skin and the core showed minimal change in relative 
density during the elastic deformation region (< 5%) between the initial state and second 
displacement increment (ε = 0.036). As the cell walls of the wafer began to fracture, the 
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relative density of the skin decreased by 15% of its original value. The relative density of the 
core increased by 24% at the global strain of 0.164 and by 50% in the final scan at a global 
strain of 0.2. These results provided quantitative evidence for the dominance of the wafer 
core in compression. 
4.6. Summary 
The bulk density of the wafer was measured using a solid displacement technique with glass 
beads while the solid density was measured using the helium gas pycnometry method. By 
combining the results from the two density values, the relative density of the wafer was 
calculated to be 0.286. 
The cross-sectional images obtained from optical microscopy showed that the centre of the 
wafer was cellular in nature and designated as the core. The outer layers were designated as 
the skins and considerably more dense than the core. The skin thickness, core thickness and 
reeding-to-reeding distance were measured from the optical micrographs to characterise the 
wafer dimensions. 
Scanning electron microscopy produced higher quality images than the optical microscope. 
The porous core and the dense skins were more easily identifiable and it could be seen that 
the skin layer followed the contour of wafer shape. The core possessed large closed cell 
pores with thin cell walls and some degree of interconnectivity. The skins were dense but 
also possessed small closed cell pores. The images of the wafer surface showed that it was 
contoured and covered with micropores while some of the reedings were also seen to have 
large longitudinal pores. 
X-ray microtomography was used to scan an RVE of the wafer and the resulting images slices 
were used to reconstruct a three dimensional volume of the wafer. Using imaging software, 
the porosity of the entire wafer was determined to be 0.765. The virtual wafer was 
discretised into the skin and core regions which each possessed porosities of 0.6 and 0.85 
respectively. This proved quantitatively that the core was a cellular foam while the skins 
were closer to solid structures with pores. 
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The Microtest rig module provided the capability of in-situ testing within the SEM which 
allowed the deformation to be observed in real time while producing a synchronised load-
displacement curve. In compression, cracks first formed and propagated along the cell walls 
of the core while the skins remained relatively intact. The core was crushed throughout the 
plateau region of the deformation curve with some parts of the skin also showing signs of 
damage. During the densification stage, the core was fully crushed and the wafer was almost 
fully compacted. Compression of the wafer stack confirmed the progressive fracture of the 
individual wafer sheets and accounted for the large peaks in the plateau region of the 
deformation curve. In-situ bending tests showed that the initial fracture occurred in the 
bottom wafer skin and rapidly propagated through the core to the top skin. These in-situ 
experiments visually confirmed that the wafer core was dominant in compression while the 
skins were dominant in flexure. Blade cutting tests showed spalling of the wafer, with the 
crack favouring the reedings as well as the larger pores observed on the wafer skin. 
A static in-situ XMT uni-axial compression test was performed on a wafer sample and 
compressed until the wafer fractured. The reconstructed 3D volumes showed qualitatively 
and quantitatively that the core fractured throughout the sample while the skins remained 
intact. 
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5. Analytical Calculations 
5.1. Introduction 
The wafer was modelled analytically based on the microstructure which was observed in 
Chapter 4. The first model divided the wafer into homogenous skin and core sections with 
different elastic modulus values. The dimensions of the skin and core were measured from 
micrographs while the modulus values were determined analytically using compression and 
bending equations for sandwich structures. The second model used the actual architecture of 
the wafer and assumed that the solid material of the cell walls possessed a constant linear 
elastic modulus throughout the wafer. The wafer architecture was obtained from X-ray micro 
tomography while the solid modulus was calculated using analytical equations for foams. 
5.2. Sandwich Analysis 1 
The reedings of the wafer sheet made the analysis of the wafer more complicated than a 
uniform beam. The wafer sheet was analysed as a sandwich beam of variable cross-section 
and simplified using Timoshenko beam theory [33, 34]. The sheet was divided into a core 
between two skins using the dimensions obtained from optical micrography in Section 4.3.1. 
A three dimensional schematic highlighting these regions is seen in Figure 5.1. 
 
Figure 5.1 Diagram of the wafer sheet with its skins and core 
skin 
core 
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5.2.1. Wafer Skin Transformation in Bending 
The skins possessed variable cross-sections due to the geometry of the reedings and thus it 
was necessary to simplify the analysis. This was done by equating the 2nd Moment of Area of 
the skin to the 2nd Moment of Area of a quadrilateral. The wafer skin of a representative 
volume element, highlighted grey in Figure 5.2, was used for the analysis. The cross-section 
labelled ‘Face 1’ was then transformed into a rectangle having identical 2nd Moment of Area 
about the same neutral axis through the wafer core.  
 
Figure 5.2 Diagram of the wafer skin with a single unit cell shaded in grey 
This analysis was then repeated for all cross-sections along the x-axis, such as those shown by 
the red lines in Figure 5.2, so that equivalent quadrilaterals could be obtained throughout the 
skin. By using this analysis, the skin could then be simplified to a beam of uniform cross-
section in the yz-plane and known 2nd Moment of Area at any point along the x-axis. A 
schematic of the transformation of Face 1 is shown in Figure 5.3 followed by the calculation 
of the equivalent wafer skin height. 
Face 1 
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Figure 5.3 Cross-sectional face of an element of the actual wafer and the equivalent wafer 
The 2nd Moment of Area of the skin was calculated by applying the principle of composite 
cross-sections as well as the parallel axis theorem. The centre line of the wafer core was used 
as the neutral axis for both the actual wafer and the equivalent wafer. By equating the 2nd 
Moments of Area of the actual skin Equation 5.1 to that of the equivalent skin Equation 5.2, 
the equivalent wafer skin thickness (H) was calculated. 
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  (5.2) 
A full derivation of Equation 5.1 can be found in Appendix C1. The equation was further 
extended throughout the skin in the x-axis, so that an equivalent quadrilateral could be 
obtained at any point along the length of the beam. This extended equation takes into 
account the varying shape of the skin cross-section at different points along the x-axis as 
shown in Figure 5.4. 
skin 
core 
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Figure 5.4 The variation in the shape of the wafer cross-section at different points along its length 
5.2.2. Wafer Core Transformation in Bending 
The wafer skin and core were assumed to be two different materials, thus having two 
different Modulus values. By applying Timoshenko’s theory of symmetrical beams of two 
different materials [33, 34], the wafer sheet can be represented by a single I-beam of the 
wafer skin material as shown in Figure 5.5. The theory assumes that there is no sliding 
between the two materials (skin and core) during bending and thus beam theory is 
applicable. The wafer core was reduced to a thinner section with the same Modulus of 
Elasticity as the skin. Mathematically, the new core thickness was found from Equation 5.3 
which is derived in Appendix C2. 
       
      
     
 (5.3) 
 
Figure 5.5 Diagram showing the wafer sheet represented as an I-beam of a single material 
By combining the wafer skin and wafer core simplifications, the wafer sheet was analysed as 
a much simpler I-beam with a single modulus. The entire transformation is visualised in 
Figure 5.6. 
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Figure 5.6 Visualisation of the overall transformation of the wafer sheet to a simplified I-beam 
5.2.3. Bending Deflection Calculation 
The analysis of the wafer skin and core produced a much simpler I-beam. Although the cross-
section was uniform across its width, it still varied along its length. Timoshenko’s theory for 
beams of varying cross-section states that the deflection of a beam of variable cross-section 
can be reduced to that of constant cross-section by using a modified bending moment 
diagram [33, 34]. For the wafer analysis, the volume highlighted grey in Figure 5.7 represents 
the reference beam of uniform cross-section with a 2nd moment of area, I0. 
 
Figure 5.7 The modified I-beam wafer sheet with the uniform reference section in shaded in grey 
Based on the theory, the deflection of the beam was found by utilising a modified bending 
moment diagram. This diagram was plotted by multiplying the bending moment of the 
uniform cross-section I-beam by a factor of I0/I. This multiplication factor represents the ratio 
of the 2nd moment of area of the uniform section to the 2nd moment of area of the actual 
beam at any point along its length. The bending moment diagram is shown in Figure 5.8 
where the red curve shows the modified bending moment and the blue line shows the 
bending moment of the uniform reference beam (shaded grey in Figure 5.7). 
Io 
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Figure 5.8 The modified (red) and uniform (blue) cross-section bending moment diagram 
The central deflection of a beam was determined using Timoshenko’s Area-Moment Method 
[33, 34]. Interpreted graphically, the central deflection of the beam is the moment of half the 
area under the modified bending moment diagram (shaded in red) about the x-coordinate of 
the centroid (X) of the shaded area with respect to the origin, divided by the flexural rigidity 
(EI). Mathematically, the central deflection, δ, can be expressed by the integral in Equation 
5.4. 
   
 
  
     
 
  
 
     (5.4) 
The bending moment was expressed in Equation 5.5. 
        (5.5) 
The x-coordinate of the centroid was calculated using Equation 5.6. 
   
         
 
  
 
     
 
  
 
   
 (5.6) 
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After substituting the expressions from Equations 5.5 and 5.6 into Equation 5.4, the central 
deflection can be derived in terms of the bending moment as shown in Equation 5.7. 
   
 
  
      
 
  
 
 (5.7) 
By then applying method of reducing a beam of variable cross-section to that of constant 
cross-section, Equation 5.8 is simplified 
          
 
       
 
  
 
            
 
  
 
 (5.8) 
Timoshenko’s theory of representing a beam of two different materials by an I-beam of a 
single material was then applied to find the 2nd moment of area of the core (Equation 5.9) 
and skin (Equation 5.10). 
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 (5.10) 
The moment was then equated in terms of the central load, P, and the 2nd moment of area of 
the beam was substituted into Equation 5.8 to give the central deflection equation as 
expressed in Equation 5.11. 
          
 
     
 
   
 
   
   
      
 
  
 
  
 
   
   
   
     
     
   
 
  
 
    (5.11) 
The full derivation of Equation 5.11 can be found in the Appendix C3. 
5.2.4. Wafer Sheet in Compression 
The wafer sheet was assumed to be a two material linear-elastic composite loaded in 
compression [100]. Thus Equation 5.12 was appropriate to describe the relationship between 
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the skin and core modulus where Ecomp was the modulus of the entire wafer sheet which was 
obtained experimentally in Section 3.2.6. 
 
      
 
  
     
 
    
     
 
(5.12) 
The derivation for Equation 5.12 is found in Appendix C4. Both the equations for deflection 
(Equation 5.8) and compression (Equation 5.9) contained two unknowns in the form of the 
elastic modulii for the skin and core. When experimental data for the deflection and the 
compressive modulus are input into Equations 5.8 and 5.9 respectively, they can both be 
solved simultaneously to acquire Eskin and Ecore. The calculation to obtain these values was 
performed on Microsoft Excel using an iterative solver. 
5.3. Sandwich Analysis 2 
5.3.1. Alternative Bending Analysis 
In the previous analysis of Chapter 5.2, the wafer core was assumed to be of uniform 
thickness and the wafer skin of variable thickness due to the reedings. The alternative 
analysis of the wafer sheets was based on observations from the scanning electron 
microscope and the X-ray tomography images. The core was now assumed to follow the 
contour of the reedings and thus varied in thickness. The wafer skin was of uniform 
transverse thickness throughout the wafer including the reedings. The XMT and SEM images 
in Figure 5.9 indicate more clearly how the skin and core comprise the wafer in this 
alternative analysis. 
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Figure 5.9 Tomographic and microscopic images of the wafer sheet highlighting the skin 
5.3.2. Wafer Skin and Wafer Core Transformation in Bending 
The wafer sheet was again simplified to have a uniform cross-section along its width by 
equating 2nd moment of area. The analysis was similar to that of Chapter 5.2, except this time 
both the skin and the core were transformed to uniform cross-sections. Figure 5.10 shows 
the cross-section of a wafer skin and half the core thickness on the left and their equivalent 
thicknesses on the right.  
 
Figure 5.10 Cross-sectional face of an element of the actual wafer and the equivalent wafer 
skin 
core 
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The calculations to find the equivalent wafer skin thickness (H) and wafer core thickness (J) 
are stated in Equations 5.13 and 5.14. The full derivations are given in Appendix C5 as well as 
their expanded versions which take the variation of the cross-section in the x-axis into 
account. 
       
  
  
 
  
 
   
 
 
   
 
  (5.13) 
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Similar to Chapter 5.2.2, the wafer sheet was transformed into an I-beam with the modulus 
of the skin using Equation 5.3. The total transformation is visualized in Figure 5.11. In this 
analysis the height of the transformed core varied along the beam and likewise, its 2nd 
moment of area. The modified bending moment diagram theory and the area moment 
method of Chapter 5.2.3 were used to determine the central deflection of the beam. The 
deflection was then computed by simultaneously solving Equations 5.11 and 5.12 using the 
solver function in Microsoft Excel. 
 
Figure 5.11 Diagram showing the transformation of the wafer sheet for Analysis 2 
5.3.3. Wafer Skin and Wafer Core Modulus 
The Eskin and Ecore values were calculated from the analysis using experimental data. The 
deflection data was gathered from the flexure tests which used 120x15mm wafer beams 
while compression modulus was obtained from the uni-axial compression tests of a single 
circular wafer sheet. Using Analysis 1, Eskin and Ecore were 1150 MPa and 0.77 MPa 
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respectively while Analysis 2 yielded Eskin and Ecore values of 1710 MPa and 1.00 MPa 
respectively. In Analysis 2, the volume fraction of the skin was considerably less than in 
Analysis 1 and thus accounted for the stiffer skin modulus value calculated. The larger 
modulus of the core was also due to the increased volume fraction of the core and this value 
was closer to the apparent compressive modulus of the entire wafer which was measured 
experimentally to be 1.32 MPa. 
If the ratio Eskin/Ecore was equated to unity then Equation 5.11 would produce a single flexural 
modulus value for the entire wafer. This value was found to be 952 MPa and was between 
177 MPa and 981 MPa which were the boundary values estimated in Section 3.3.3. Unlike 
the two boundary estimates which assumed a uniform wafer beam, the single flexural 
modulus of 952 MPa accounted for the geometry of the grid of reedings. 
5.4. Cellular Analysis 
For the analysis of the solid wafer, it was assumed that the material properties were the 
same throughout the entire cellular structure of the wafer. This assumption was justified 
since the image stack obtained from the XMT scan showed that the voxels belonging to the 
wafer were of uniform contrast which indicated that the material was the same throughout 
the wafer. It was important to determine the solid modulus of the wafer material and the 
stress at which it fractured because these material properties would be needed for the finite 
element analysis using the actual wafer architecture in Chapter 6.3. 
5.4.1. Gibson & Ashby Foam model 
The wafer was identified as a brittle foam based on its mechanical behaviour and its 
microstructure in Chapter 3 and Chapter 4 respectively. A number of authors have developed 
analytical equations to describe the material properties of foams. The most quoted analytical 
equations were developed by Gibson & Ashby [12] which treat the foam as an array of simple 
cubic cells. A unit cell, both open and closed, are shown in Figure 5.12. 
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Figure 5.12 Open and closed cubic cell [12] 
For closed celled foams, the compressive modulus of the foam (E*) and the solid modulus of 
the cell wall material (Es) are related to the relative density of the foam (ρ
*/ρs) by the 
Equation 5.15. 
 
  
  
    
  
  
 
 
       
  
  
  (5.15) 
The foam modulus of the wafer (E*) was determined experimentally from compression tests 
in Chapter 3.2.8. The relative density (ρ*/ρs) was measured experimentally in Chapter 4.2 and 
verified using image analysis of the reconstructed wafer volume in Chapter 4.5.4. The only 
unknown was the proportion of wafer material in the cell edges (φ). Due to the irregularity of 
the shape of the pores in the wafer, it was difficult to accurately determine this value. Thus a 
range of values of the solid modulus was estimated for sequential values of φ and plotted in 
Figure 5.13. However, from the scanning electron micrographs and X-ray tomography slices 
of the wafer it could be seen that the cell walls were very thin and thus, the foam possessed 
a φ value close to 1. It is interesting to note that when φ equals 1, Equation 5.15 becomes 
the equation representing open-celled foams in Equation 5.16. In fact many closed-cell 
foams, produced from liquids and with very thin cell faces have been analysed as open-celled 
foams [10]. 
 
  
  
  
  
  
 
 
 (5.16) 
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From the in-situ SEM and XMT compression tests, it was deduced that the wafer core was 
mainly responsible for the deformation in compression and hence the foam behaviour. Thus 
the value of the solid modulus would probably be more accurate if the relative density of the 
core was used in Equation 5.15 instead of the relative density of the entire wafer. The 3D 
volume analysis of the skin and core sections in Section 4.5.4 produced estimates of each of 
their volume fractions. The relative density value for the core was input into Equation 5.15 to 
find a solid modulus for sequential values of φ and plotted in Figure 5.13. 
  
Figure 5.13 The effect of φ on the calculation of the solid modulus of the wafer and the core using the 
Gibson-Ashby foam model 
The results showed that as the value of φ approached 1, and thus open celled, the value of 
the solid modulus was heavily influenced by the relative density of the foam. For a 
completely open celled foam (φ=1), the solid modulus was 61.5 MPa and 200 MPa using the 
relative density of the entire wafer and the wafer core respectively. Since the equations were 
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derived using a compression analysis and it was observed that the wafer core was dominant 
in compressive deformation, the latter solid modulus was probably the more accurate value. 
The fracture stress of the cell wall material (σy) could also be calculated using similar 
analytical equations described in Equation 5.17.  
  
 
  
      
  
  
 
 
 
       
  
  
  (5.17) 
The foam rupture stress (σ*) of the foam was measured from the experimental stress-strain 
compression curves in Chapter 3.2.7. As with the solid modulus, the fracture stress (σy) was 
calculated using the relative density of the entire wafer and the wafer core. These values 
were found to be 12.8 MPa and 31.1 MPa respectively when φ was equal to 1. 
5.4.2. Other Foam models 
Foams can be considered as a special type of composite in which the filler is the pores and 
the matrix is the solid cellular material. Despite the large mismatch in the filler and matrix 
modulii, due to the filler modulus being zero, composite theory is sometimes used as a 
simple estimate for the solid modulus of foams. The Halpin-Tsai [101-103] and Mori-Tanaka 
[102-105] are two of the most commonly used composite models and the upper bound of 
the Halpin-Tsai method is stated in Equation 5.18. 
       
  
  
     
  
  
    (5.18) 
Ramakrishan [106, 107], Nielsen [108] and Hashin [109] analysed two phase particulate 
composites and developed expressions for the effective modulus of the composite which are 
described by Equations 5.19, 5.20 and 5.21 respectively. The equations were based on a 
composite sphere and self consistent theory in which both the particles and the matrix 
possessed elastic modulii. The resulting models were further extended to represent a foam 
by equating the particles to hollow spheres which experience no stresses. For each of these 
models, the Poisson’s ratio (ν0) of the solid material was required and assumed to be 0.3. 
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 (5.21) 
Other authors have also developed analytical models for foams similar to Gibson & Ashby but 
using more complicated shapes than the simple cube. Chen & Lake [110] developed a 
micromechanical model for closed celled foams based on a tetrakaidecahedral unit cell shape 
(Figure 5.14a). The expressions for the relative modulus and the relative yield stress are 
stated in Equation 5.22 and Equation 5.23 respectively. 
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  (5.23) 
Christensen [111] modelled open celled foams as a three dimensional network of struts or 
bars with arbitrary orientations (Figure 5.14b). For the closed celled analysis, the struts were 
replaced by thin membranes and thus the structure consisted of cells bounded by 
intersecting plates. The resulting relationship between the foam modulus and the solid 
modulus of the closed cell is expressed in Equation 5.24. 
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  (5.24) 
Mckenzie [112] proposed theoretical equations for a homogenous isotropic solid with 
isolated spherical pores (Figure 5.14c). The method uses a model of spherical holes 
surrounded by a shell of pure material which in turn is surrounded by an equivalent 
homogenous material. The expression for the relative Young’s modulus is derived in Equation 
5.25. 
 
  
  
          
  
  
         
  
  
   (5.25) 
 
 
Figure 5.14 a) Tetrakaidecahedral unit cell b) 2D strut network c) 2D unit cell with spherical pore 
The solid modulus was calculated using the relative density for the entire wafer (0.26) and 
the wafer core (0.15) for each of the analytical foam models described above. The resulting 
values are compared in Figure 5.15 and the numerical values are listed in Table D1 of 
Appendix D. 
(b) (a) (c) 
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Figure 5.15 The solid modulus of the wafer and the core using different analytical foam models 
As could be interpreted from the results, the calculated solid modulus varied depending on 
which analytical model was used. The values were also heavily dependent on whether the 
relative density of the entire wafer or the wafer core was used, despite being only 10% 
different in porosity. It was not possible to say which model was most accurate since the 
Young’s modulus of the solid wafer material was unknown. The solid modulus and fracture 
stress values were used as guides for the input parameters of the material properties of the 
finite element wafer model in Chapter 6.4. 
5.5. Summary 
The analytical model divided the wafer into skin and core partitions with dimensions 
obtained from scanning electron microscopy. The wafer was analysed as a sandwich beam in 
bending and as a two layered composite in compression. A modified version of Timosheko’s 
beam theory was implemented which accounted for the shape of the reedings in the wafer 
geometry. The calculated elastic modulus of the skin and core was found to be 1710 MPa and 
1.00 MPa respectively. The results quantitatively showed that the skins were considerably 
stiffer than the core. 
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The cellular microstructure of the wafer was analysed using numerous equations for foams in 
order to calculate the compressive modulus and fracture stress of the solid wafer material. 
The Gibson & Ashby analytical foam equations predicted a solid modulus of 61.5 MPa and 
fracture stress of 13 MPa of the entire wafer. However, the in-situ compression tests showed 
that the core accounted for the brittle foam behaviour of the wafer and the image analysis of 
the reconstructed wafer volume found that the porosity of the core conformed to that of a 
foam. Using the relative density of the core, the Gibson & Ashby equations predicted a solid 
modulus of 200 MPa and fracture stress of 31 MPa. 
